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ABSTRACT 


Canine tracheal smooth muscle has been described as a multi- 
unit muscle (Bozler, 1948; and Kroeger and Stephens, 1975). Treat- 
ment of this muscle with Tetraethylammonium (TEA), a Ko conductance 
blocker, results in a conversion from multiunit to single-unit type 
of behaviour. This study was designed to investigate the morpho- 
logical bases for this conversion. 

The results obtained demonstrate a functional cholinergic 
excitatory and a B-adrenergic inhibitory innervation to canine 
trachealis. Two types of varicosities were characterized on the 
basis of the distribution of vesicles. Nerve fibres or their 
varicosities were found in the space between bundles of smooth 
muscle cells. 

The smooth muscle cells, as seen in thin sections under the 
electron microscope, were irregular in shape with many processes. 
Gap junctions were seen exclusively between processes of two cells 
and had a typical 7-layered appearance with a central 2 nm wide 
gap. 

Treatment of tissues with TEA resulted in phasic mechanical 
activity and was accompanied by a significant increase in the 
number of gap junctions. The compound 4-Aminopyridine (4-AP), 
another ie conductance blocker, also induced: phasic response and 
an increase in the number of gap junctions in canine trachealis. 
There was a correlation in time of the structural and functional 
changes brought about by TEA and L-AP, but not with respect to 
the doses employed. | 


Responses to TEA were not affected by atropine. On the other 
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hand, the mechanical effects of 4-AP could be blocked by atropine. 
Atropine did not prevent the increase in the number of gap junctions 
brought about by 4-AP. Treatment of tissues with acetylcholine 
(Ach) did not result in either phasic mechanical activity or in- 
creased junction formation. The mechanical oe Structural effects 
of 4-AP appear thus to involve, in addition to releasing Ach, a 
direct smooth muscle action. 

The rapidity of TEA- and 4-AP-induced junction formation 
Suggested a mechanism independent of new protein synthesis. Inhi- 
bition of protein synthesis (to the extent of 95%) by cyclohexi- 
mide (CHX) did not prevent increased junction formation in tissues 
where phasic mechanical activity to TEA and 4-AP was present. 
However, in tissues where such mechanical activity was not induced 
after similar treatment, no such increase in gap junctions was ob- 
served. These results were interpreted in the light of the extent 
of structural damage to cells observed in the CHX-treated tissues. 

Continued formation of gap junctions in the absence of new 
protein synthesis in canine trachealis suggested a mechanism in- 
volving assembly of preformed subunits in the membrane. Freeze- 
fracture studies revealed gap junctions on processes of cells. 

Gap junctions were very rarely encountered in the replicas and the 
stages leading to their formation after TEA and 4-AP treatment 
could not be observed. 

Gap junctions have been suggested to play a role in cell]-to- 
cell electrical coupling in smooth muscle and their presence in 
canine pe eens may provide one necessary basis for such coupling. 


Their increase after treatment with TEA and 4-AP may provide 
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better coupling between the cells. However, any such increased 
coupling was not by itself sufficient to induce single-unit be- 
haviour. An attempt has been made to relate the structural eff- 
ects to the electrophysiological changes seen after TEA-treat- 
ment. Study of the electrophysiological changes accompanying 
the action of 4-AP in the presence and absence of atropine would 
aid in elucidating the necessary and sufficient conditions for 


single-unit behaviour. 


vi 


besaet ari doe yre ty ‘naan ‘ableg ie aioe et 

Shi'a {hu fion ts asi on yale viet roe mn eat 
~t9 5 ekurand se ky 26 i a abit ined eet rst ane 

ECON Caner Pe ssptieeion legal gi dykginabsts ett i 


hy abuses sans (evi onl obhyMorsnain pn Yo ware 


bP aan EH PRE SG Wey Sanpete: iy a siane wel ala nt ‘gh Ne, hatdoi 4 
fer? enya.) ue jAelort te Bnee (neeaat ‘an ats pnirsni hile, oe 


moths aii 


LA, a 
or 
, Ai vu 
; wt) 
a 
f My ; 
: eA 
vie 
at bit wate 
4 f i i “ - 
{ \ 
AG: 
j q i a 
9 OL 
A 
} 
5 Mh 
Y, 
tas 
y 
i 
= 5 
i > 
i 
4 
1 
i! am 
' 
; , 


x 


ACKNOWLEDGEMENTS 


! would like to express my sincere gratitude to Dr.Daniel for 
his unfailing support and guidance through my stay. | also wish 
to thank the members of my supervisory committee for their help 
and suggestions. 

My thanks are due to Dr.Charnock and Ms.Simovitch for having 
made available the facilities of the department towards preparing 
my thesis. 

|! would like to thank my friend Gus Duchon for his help in 
the initial stages of my investigation. 

The freeze-fracture facilities of the Bio-Sciences EM Lab 
were used during the course of this investigation and {| would like 
to express my thanks to Drs.Malhotra and Tu for their help. 

Part of this investigation was carried out in McMaster Medical 
Centre, Hamilton. 1 would like to thank Dr.Garfield, Mr.Sims, 
Mr.Donald Cheung, and Mr.Mike Moore for all their help. 

| would like to acknowledge receipt of financial support from 
the following departments and agency: 

Department of Pharmacology, University of Alberta. 

Department of Neurosciences, McMaster University. 


Canadian Tuberculosis and Respiratory Diseases Association. 


vii 


es 


daha cate { Wee | Ke vitpae irene bak dirt “aa re) by ua 
aie GeO thes eaga to: Oo. ide inal Ie enh ath 
arava, FET OLY oni cae ng: Aseeret9 i of up aye '; hen 
Bt TED Iq <b 1BWe° aren eee ‘ed? 76) ean Fan) ott ois 


7 4 { 
Tee, ; . 


ni yied <)0 PO ee con Aa any onF ail «ty 


de) M2 24oneta2zeard SA Fe shai hap, > sot Ne 
adil Biyew Ponds noidbe | seevn), oasis) 4G oeriee oh ‘aig 
Giada tied? OF) | ‘bhe, AN: rod TAN 3 em Ga heey yee 


hes ipam iaicai ah at Sim be 8s eu! nua) tea snes tig: el 


4 


Pe) ee jdis ht eee 0) Aeestiae ‘os ath bh aaw 7 a pen 

.q tad at ohs ties 13%) So Ai a ae coat 

Agert mg aire ‘Peiswent? 44 sa leoee| et ne ioe er maid oni 
: | ta uabade he. chews 1aguh beng 


> 


edwEIA Vo ‘ite ‘vic eatiicoateett a perenne 


ae | 


+¥t* Rie vem ajzeion (ausfiatscowel +? Team cad 


sfoltelasecAyv2s2653) 0 ore a one aheots andy pal bemed’, > 


: 
4 


ar 


Table of Contents 


CHAPTER | 
GENERAL INTRODUCTION 
Page 
A. Review of Literature -------------------------------- Z 
B. Objectives of the Present Study --------------------- 2g 
CHAPTER 11 
NATURE OF CANINE TRACHEAL SMOOTH MUSCLE AND EFFECTS OF 
TETRAETHYLAMMONIUM ION (TEA) ON CONTRACT!LE FUNCTION AND 
STRUCTURE 
Introduction: Nature of Tracheal Smooth Muscle ----------- 31 
Objectives ----------------------------------------------- 33 
Mater talspandaMet hods~----=----=-------------<<<=---~-=-=-- 34 
Results 
Avf¢Generadtuitrastructure+s*-+ageces-secces toes" --" 38 
B. Mechanical response to field stimulation ------- 47 
C. Mechanical response to TEA treatment ----------- 54 
D. Effect of field stimulation on TEA-induced 
MECHADT CONST eSPONS GMs 3 eta tre Ses e Kner ae 61 
E. Gap junctions in control and TEA-treated 
StS SUGS IS = 8 er ee NS a an a eee 63 


viii 


x ar eb ek ieee, a bed ee eed eo! i at = ah a ae mm eqbi eer ls Bhs ; 
OB bend n---nnes----end Yhbg? Inweety Bnd) Io. cenhe 


(i) ata ie 


juan Ma a 492uh Tage anand msnad 4 
| | | Ma nota 2m; RU TONRGD Wa aa ‘ved nvivainag 


i wore 

Ry pete n'y toatl dco aod 7 sua cae 

Niles : 

ay —— + ‘Ne » «yt Sma onethsh teen 
aA ’ P 4 . } ve 

’ : - | . 
i in ue a ete ea cb TU ae rn data 

ra Kane: i | ; ; 


ies! ce sli mnie Sel se ot Eb ile Abtonuesiite levered ” 
pam a noise! fer] Je bland, ay depeger, teoinsdaah” 


| | Doge pret ien deer AaT oY samnonyiery ie netiaeM a: 


[ . cf 

a vid | besdbat -Ag. aioe solgael va ahs ete wo soa w@ 
i " ? vw | 

7 | 7 és 

Pee oe 


Discussion 


Gap junctions in the tracheal smooth muscle ------- 70 
Cable properties of tracheal smooth muscle -------- 7\ 
Innervation of canine tracheal smooth muscle ------ 7| 
Effects of TEA ------------------------------------ i2 
TELcnnddcecwecvuctUral BERECLS ioo 2 ener Seer uw eseae 74 


Gap junctions as pathways for current flow 


in smooth muscle ---------------------------------- 74 


CHAPTER III 


_ EFFECTS OF 4-AMINOPYRIDINE ON CANINE TRACHEAL SMOOTH MUSCLE 


Pe GOCUG E101 — Se in me a ina ei ri 78 
Penis seldom fie, 
Results 


Effects of 4-AP on isometric tension in the canine 

BrAChea ce — en aes eee So ea So SS eon eee 80 

erect cicnl See COM eOn tel SOU CS. sia sme ese er 81 

Effects of atropine on 4-AP-induced mechanical 

GCS DONS 6 tee ee ar oe ee 85 

Gap junctions’ ino 4-AP-treated tissues --=-+----=-=- 89 

Effects of atropine on 4-AP-induced formation of 

SEP af Mar UN qe ETM ty ges FI aha bar ole ri alr sa opi ol Sih 

Effects of acetylcholine on gap junction formation 92 
Discussion 


Comparison of 4-AP and TEA effects on the canine 


aK 


; 5 + in 
eget 
WE pain im gl Shum: Apaeend pe dint on at aol tame qe 
IF ineik than Je eum drone  Peenaans % seldie00%< sided 
at ee me Oe ee 5 | Levitty (fT ewe Feedow ia patna: fem na bere # 
Ber Aico i. ieee eee oe) a} 24 200t4y 
Pe ak lenis 0 fg ent rice nt BE ae (musourre baaubii- ABT, 5 


wal? Jaa Ti woanes eV eur Sieg ¢ Be Beil {Det ane 


a : Y Li Bare 
FP teeter allem 8 ima te ine ao wisauh raone Pa Ba 
brh S3PqaRo 


FIOAUM ATOOHS, JABACAAT. SHIA, WO PYG LVR OM EM Areal TE Be 


- ee ~e e a dae a oe ap st ay bon aat tren thi 
i pr. 


‘ 
iA ek 4 


aaings sit ni seticaees at Nome ers aad Ve exae4F0) 
a ee ‘ach 
OD terete ener echt see et ce eltinbitbon | on 


ME <a etone ee ReweRT? 20 Gh bap bxe teal yee (8 a 
laxtaetasm Sequumt-9A-do no. an iqonde to i ae 


may ately an ae sll i alee a tial i ig ai sce avhegiay 7 
ene ey TE, er a erat goal <a 

Fo mel dean yt bastion) 4asd rit wigs to oe 
a ead ete ieee tee evi sae me | 
ty soba natsatut’ gen no wtthabitaen hq cain 


7 ~ at : ss : 
antes alt ina fiiette nat brs tap ie nore 
, ~ ) ’ 7 
a a ’ : a 1 i 


Oe een oak re eee es en ee ee 103 


CHAPTER IV 


EFFECTS OF CYCLOHEXIMIDE ON TEA- AND 4-AP-iNDUCED FORMATION 


OF GAP JUNCTIONS 


Introduction -------- Sea ae NS a of msec ae ee eV aul so 106 
Materials and Methods ------------------------------------ 107 
Results 


A. ote aucine incorporation into TCA-insoluble 


fraction of canine tracheal smooth muscle ------ 109 
B. Mechanical effects ----------------------------- 110 
C. Effects of CHX on structure -------------------- 12 


Discussion 


Gap junctions in CHX-treated tissues -------------- 124 


CHAPTER V 


FREEZE-FRACTURE STUDIES OF CANINE TRACHEAL SMOOTH MUSCLE 


Preeze-hracrtures Ss lLudies) =o ar == 8 es ae = ee a ee 129 

in LROGUCES ON sao a en a na 9 a 8 === 129 

Ph ite ea dca wea TA AOC Sie me ina a a er a a as ors 130 
Results 

Gap junctions in the freeze-fracture replicas ----- 133 

136 


Freeze-fracture appearance of membranes ------~-~--~-~- 


Sige , : we We 
: q . : 7 ‘i ab a, ® 
; ‘ ; iad :.. aot ee 
FON oo «1 eee Se el os ee hw ore ee Seapets tet eee zifeersens ‘i 

; 4 ‘ s, e >! ft 


= 


- e 
Ui ABTAERS | | 


Wd TAMAOY ORIUONT~SA-h OK FAST 40 Saivhivcneaons ‘90:4 
hg 


ma ‘peut evoironiN is 
. ch oe 


t 
in 
ay} peed Ls ee ee ee ee ell ep igen Om Be ng hex ; 
Ye 
U i* 
rol 


ses Ses ea pc lon 29 ch ae mp Sateen hee i eel ol ‘oye ah 
; I") 


sldvloanin)o7 Osh pales Eh eek snigeed> sl re 


ip. 


Sood hogme? faethe entnes %0 net sega 
au 


V 


ma a te a ys ew ne re a casi jest nen ben a 
catethuneniimer Lik ck. ke v9 nae 4d 


ines 
Ny 


i 
ss 


ti 
hi | 


4 te ee ee eaue2 {3 pas05s 2A Prrre 


t - q 7 
mY say Phat) 
. : so 


V ASTAARQ : 


ee SID2iM TOONS, SASHSAST SHIMAD 30° SafOure 
1 . a « 
ST i in i re as inn lig emibut? ensasy" 


te ee So 6 @ aie iad ew itnle o ICN ea arin 


1 = $ ares a) HeDER IWS ads 
ny o 

s-2-- 7a zbaqridindin an ae 

a 


Discussion 


Freeze-fracture technique ------------------------- 14] 
Interpretation of freeze-fracture replicas -------- 144 
Freeze-fracture appearance of membranes ----------- 145 
Pinens pucture! ofsdap junctions ----------—--------=- 147 


Freeze-fracture studies on the canine tracheal 

smooth muscle ------------------------------------- 148 

Formation of gap junctions as studied by the 

freeze-fracture technique ------------------------- 149 
CHAPTER VI 


REVIEW AND CONCLUSIONS 


A. Ultrastructure of Canine Tracheal Smooth Muscle 


(i) Gap junctions --------------------------------- 152 
(ii) Innervation of the canine trachealis ---------- 153 
(iii) Electrical stimulation ------------------------ 153 
(iv) Effects of TEA -------------------------------- 154 
(v) Effects of 4-AP on the canine trachealis ------ 156 
(vi) Role of gap junctions in cell-to-cell coupling 158 


(vii) Mechanisms underlying the rapid formation of 
Ca LICHENS ert acre me ee in aoe nes eee ae 


Dependence of junction formation on new protein 


synthesis ------------ 9-9-9 ee 


xi 


. : “On 


OS Sree ce aon ee Pome Oe susiatons annietmaan = 
AAT \na3---- BEST Laas sissertaseatt %b pol Dassramneant » 
gl Ae eer “e- Zanbidien To SSAe Tenge. oruraer teenth 


WAU) BAbhen-ss< 42+ssees- ane ov, aap he SrvsounI¢ an 
\esdoc1y Sri nso as no ze] buss eiussers coset 
jesse Reema eae Dimes Gees Gallina). a 
tt vd baipade 6 2ueltorbl Wee Yo a 

om fee Se sete eats 4S ene see oh ey eee dates oad 


i I 


iy AST Tans 
C0, i 
" | is 


sis2zpuM tivoom atdeiT, ante) 6 Suki dah 


BOY Sg estite ha + anna once Sioa, Meme wu 
Ea) wacecen—-~ of faotiSéie antnsa sd TO reveal | 


| RET aie rnm dea e samen ne net ie hte. festaynele Oe of 
ly 3 ; ve 
aoe a eer Pe ee , a a 
a P82 NAR Tom wemms ee eiernrs | AT) 1S: £3 Seen (wt). ov 
7 G2t sobs SiiseilbsT SAG tt Ae. gas) Fo toda a o>. 
ay ; : 7 
a Be) onitdusia bene Tiss ob sadtiaml qep totem Efgpa! 
ied | y 
—- X . rT a 
to aodgenot Lfgar oi! ply sak ae inside (viv ie Mt 
’ I, ore om at ~~) ; : ’ _ 
Re), mse (ioe nnn anne tine aawhensis Sngitadol ea elie 
Msg) wan No Moisirie? vel ttnd! Yo ebishneged 
i ee eee | - 
val | a4. ete ee ~~ rheoninye 
= ) , 
ve er potianaae & 
rp a : 7 ‘ "ss .o 7 ; 
=i 7 a 7 7 ; im =) @ s 7 bad ni | My bers 
= : « 


Page 


a) Incorporation of eee veneine into TCA- 


insoluble fraction -------------+----------- 160 

b) Effects of CHX on isometric tension -------- 161 

Secure OT eOt Ss Otel Age oe on Sr a a a a 161 

Effects of CHX on gap junctions --------------- 162 

(vila) » Freeze-fracture: studies. ----------------~------ 162 
BIBLIOGRAPHY ---------------------------------------e- 164 


aot asi sist alates (e" a 
GP. Seo as ds {+ Sines eee ere Jee 
Il pb neuen qptenes "oladetbel Ro aH 90 gioeT1a te. 


ener Mr Mia ena | cau 


SE a a 
; i 
ne 
BP (fee Sent roe este eine Piet angart oa 
: i 


7 - oe = Siete rs as ee ee 
> cna 
met 
oe ine 
; ; 
oad 
\ aa 
' i 
ee ¥ 
Th at 
o 
9 
4 
.) 
= » 
) 
: 
1” 
, y , ; 
- : ; 
; a f 


ata vA . ns 


Table 


VI 


Vii 


VIE 


List-ef—Tabres 


Page 
Composition of Krebs-Ringer bicarbonate solution -- 36 
Maximum isometric tension in tissues treated with 
different concentrations of TEA ------------------- 62 
Number and length of gap junctions in control and 
3, 10 20 and 33 mM TEA-treated tissues ------------ 67 
Maximum tsometric tension in tissues treated with 
1, 3 and 10 mM 4-AP ------------------~------------ 82 
Number of gap junctions in controi and | and 10 
mM 4-AP-treated tissues --------------------------- 90 
Effect of atropine on the number of gap junctions 
in 4-AP-treated tissues --------------------------- 93 
Effect of Cycloheximide (CHX) on Syerede the 
incorporation into the TCA-insoluble fraction of 
canines trachess tS. oe ae eae ea WW 
Number of '"light'' and normal cells in CHX-treated 
Canine tracnealesmootin muse! Gh areas oe == nS 117 
Number of gap junctions in CHX- and 4-AP- and 
TEA-treated canine tracheal smooth muscle - where 
Mecnanicaimeculnikty! WAS). (OSU cea eer Toa G ees 1g 
Number of gap junctions in CHX- and 4-AP- and TEA- 
treated canine tracheal smooth muscle ~- where 

120 


MECihaniGaloacthvrey, Wass DReSent. 92? sess ess os = 


pa 


5 

a 

VW 
- 
5 

. 1 

3 


7 0421+) - aia dspbiie \hanhseny enihes beyeond 


: ee laf 2 | . i 
Foot ie i : 
= ~ 7 ja : rst ; 
: er 
| ae ivys j 


eal i 
1 = _ D ‘ 
nD . 
v } 
snl d | | r a ; 
BE Se" avitautaz sient oe sank he dot 24 samme m7, 


vi 
afiw: bogen ry pees’ a rial shes jotemeet igpoatt a 


ia Se pe an oh AiT 30 “SRGE SAN IneonUD ‘nininahee 


bie lov7tes ai shotaantl den 7a Ayene! brie aati es 
UP ap ded hou SoS) Jape lly istae Ade My Be bie" as ob <a i 
| Mw teteots sovealt of nelene? silvia) mut a 
GB eh yo shaw ete ela arnt Se MOY wey 
Wi One J bas fowaes alienbi seabed eebu¥e ee pe. 
OE reeea ky pirataatichis bas seeehs. ore Sansa Wi 


“4 
( iW) 
eneidoou) aes: Fu weasmur 94% na! on ganas te 32 ) 7 
; YY Z 
hs nee ern= = ae Sar oe eee esuseld nacre 
a 2 ty) : 


anfapbJ-8° Ae (xia) bin trode tag Kou save 

te 104 29677) si dulOenlrAOT aly codni rol Jetoqragnt 
ee asians hh ainsi ee Sains hy 
bosses? XK Hy elles) leuign dite adel 1h tS sabe rr nl 


1b on 


MEP secaneetsse--->tnes atoeuh Hiomne: fesioeas stig " 


Se OAG0. bow SXRD Icanol spout yee Fo Ramu a 


eegdw.- 5)oa0m Admone ‘Ten: 4 4- Setigs boreeva~Aat 


4 


RIS sy eeee~s--- +l. et Say eitwinds Cestdetnie 
“AST Ge -SA-B trie “X22 of Snatiohet dee ao ‘nah 


Pereeain-s+---rn * Jngeong eae Vodviae tesheniee 
3 + i 


List of Figures 


Figure 


| 


Electron micrograph of smooth muscle cell bundle 

from canine trachealis -------~-----------+------------ 
Higher magnification electron micrograph of a few 
smooth muselescells from canine trachealis ---------- 
A gap junction between processes of two smooth 

muscle cells ---------------------------------------- 
Higher magnification micrograph of a gap junction 
between two smooth muscle cell processes ------------ 
Nerve fibres in the canine tracheal smooth muscle --- 
Axonal varicosities in the canine trachealis -------- 
Axon bundle within the smooth muscle cell bundle ---- 
Axonal varicosity between the smooth muscle cells --- 
Axonal varicosities in the canine tracheal smooth 
MUSCIE terre rt rrr rr rrr er errr nnn 
Mechanical response of canine tracheal smooth muscle 
Steips toOlerecchicatl (iela StimilatiOne= +=. ———-————>> 
Mechanical response to electrical field stimulation 
inet he presencevoLlatrop | Nel a se a ea a ein ene a 
Mechanical responses of strips of canine trachealis 
atter £reatment: with 5.. 20 and 33 MMO LER =----—s—-<-— 
Fluctuation in tension of tracheal smooth muscle 
Sri ie a heer Se MOO SUCe COs NIN ULE pss ms Fo esl om 
Effect of atropine on TEA~induced mechanical activity 
Effect of electrical field stimulation on the TEA- 


pnicueeds mechanical 6S DONS 6 on ee 


XiV 


Page 


I] 


“5 


46 


Pe) 


56 


56 


58 


60 
60 


| VOOR Si OE |) 


f 
‘ei 
ie 
apes 
br andd liter «Lame ditome tte anerirate. acvnted 
| te 
| On eee ae ee een Ae an a aifabdoe anita nie 
He. 5.70 dane Loin aovidoly Qu aesini sae es J 
Lt Venetia tine pi headset soins neat Cable stoma irene ; a 
Ashore aie ye sea eA sie gh] rasmded sags ick ane Bi 7 e | 
ae SE ol gen nine ae an HS ae Re OA BT 1g iy ataeuil | if 
woiaanul aep s Po (apieoroio, so; JH27 FEN sate 4 
| an henner e= FHP eSL OG. | 132.9 980M if otinie Oud obawiaail is ; 
ge one glodimadiome lesaoet? amitiss oda ai anae (i guest's 
BP) peerage Si (sadsent ‘ahitao sca a 2p | 12031 ew lesa 4 
ie «>= Bl Grud: liom afSeun “Gone ht reog 8 | Bowe oe | 
'< beats: alsa Asoone a0 heaied by joa T6up Ce age 
higone: (ani ess s7ined Srtaurt "teh dont Kagel 
5? ae ae vena pie ke eed ee ae bea 4) mes ane 
A ib of paen idoons ‘saricatde94 his 2, Fo) 9efOG297 paper i 
m | i sha | ice ra a oat Hols alunite Hiei: igh Waple ot agin te 
ia | noite nize Gtst% teothyg: IO ls oF SENQGEST salmaaa 


swantrteonhdesedas-merers iigwiaS 16 eonsaeig Sad, a 


| A fedasis: a@ine) IO aqivia’ te ‘ceenoges Pe 

‘ 

2 ; ay iN Tr 

toe we = AST tn £F manip GS t bly S192 Bart 7 7 7 ~_ 
le 


ah eigame [estohi9, To totenar’ nf, oes, Us y 


ete Be re so ey Pee cS s onvataaa a¥e. ainda 7 


fare 
WIINI 308 fesi gsi sen beSubni~Ag’ nt is Xo: aaetia 4 6 wt 
to mt bw. 5 


iw 
“a sig no nolsos antsy bist iat tae \e os aorta # 


7S Aa eer Se eee m _ ya A i ae ; 
| | ee aa niga 
a : A - >) 
‘ , | a a 7 - a | | é OW 4 | 
_ - Pe) et ay tS : : 


Figure Page 


b2 


20 


21 


ras 


Ze 


Relaxation to field stimulation in the presence 
eee ee eee ee 65 
Effect of propranolol on the TEA-induced mechanical 
Response gitemie cettical stimulation ’-----=----——-—— 65 
Size distribution of gap junctions from control and 

TEA] CVerteGmWEssUeSiir oS Sooo ace Soa Seale 69 
4-AP-induced mechanical activity - fluctuation in 

(TLE BS TCT INL 2) EE SNOMED TS hae I ca li dll 84 
Effect of electrical stimulation on the mechanical 
activities induced by different 4-AP doses ---------- 84 
Effect of atropine on the 4-AP-induced mechanical 

CU eV 85 ett aN a ae ac aaa aaah 88 
Electron micrograph of smooth muscle cells from 
h-AP-treated tissue ------- 99 rr nnn 95 
Electron micrograph of smooth muscle cells from 
4-AP-treated tissue showing vacuolation of Golgi 
(SMEG OL S| eh Ys oP Sing ae asia dnd eaten eal al ll aaa lt add lea li Ji 
Nerve fibres showing vacuolation after 4-AP 

(SSCS BL CY ead aN Beste Nhe dns a aa rt atic ah lis reel Dw ra tee haem ea 99 
Electron micrograph of smooth muscle cells from 


control tissue showing extensive structural damage 


due to CHX-treatment -------------- 9-77-90 114 
CHX-induced structural damage to smooth muscle cells 
PrOMmeCONErOl Wt | SSUes -— = ese or aa ano ee anaes 114 
CHX-induced structural damage to smooth muscle cells 

116 


POM eA -treateae tissues, 22-75 oss se oo 


XV 


en 


23 


ve 


He 


wy 


Si 


a? 


ee 


lagtneroen ue: pH Ten aa! Nai erie gong 5 ra 
ade <a neg hn ane tithe ‘Teel atpats ‘yerits se ae " . 
bas [oitnos Wor? hol fanut -gpp. tO. wobnidits’) iy oie 


~ 


sogbecahe tain nese deeilighaatt connie 


1 NOP Baal FT VItVIaS: ted! Parl: vat panbol Seu a. 
aia SD EAR eT ee, tome, hs aaa a 
tesinddosn add no noltalldise feptiiaets te saat i 
weweenee- pezoh Fwd) arated] Te yal baum sisted 
igoranngsn basta! SSA (att 50 Qui gqoss6 Ne rh é 4 
pean Detid all OF wl lle Sec ol ba! tele i tecled ahaha ie bwieerictatne) 
tow 2) 1a0 Skoewt azpoane 15 Ane yRey9tA AaaaNE 
bt hand bee abt o mb ea as ne avaah boat ol 
moma .<2llas esineua ngoone Rante eat hse rinsiogihal at 
jp tho” 73, Kesndiabsed abt Blige | 2 banger eihrtl 4 
fa Reese iat ee cele ele Wile edge Hk ba nb J 
dint? Sage vot selousey pniaote sak 
oO te ome Saat es er 
mony? 2! isc ehseun Ad oxime. Yo Nqeipess fen non yoats ie ie 


soemeb lwo todas. svi sassse pai yores ebge tds tora ry 


a 


% 


ee eed ee od el ee eh ee ee, ee ey 2 NSN PoQy. “MO aug 


ziten S}52uin A idone’ oy risiuita tata it PUR besitos 
Srthicerno sal aps tnlapload eae: suet > tories smoky 


ad 


attes ol aeum teeha oF egeuab rasoabiits ne ul Wo. 


> Ae 
bees en ewe ee ease La s18S4 re 7 we a 


peadibcen 


P eo “9 ‘ 


Figure Page 
24 CHX-induced structural damage to smooth muscle 

cells from 4-AP-treated tissues ---------------------~ 116 
25 Freeze-fracture replica of control tissue showing 

a depe Une lOnnonuarce ik (process mo ass 7-s4-c->e-sor 135 
26 Freeze-fracture appearance of a gap junction from 

TON Ea) Se SRE EY Yeh RON cat Ne le aaa ah nd el ch Saree erage 135 


2] Freeze-fracture appearance of a gap junction from 


a 4-AP-treated tissue ------------------------------- 138 
28 Membrane PF fracture face --------------------------- 140 
29 PSUp On oes AKenen Ba) AP rate gene y [prep Bt C=) ical cate cael ceo Nl te a lf tata oh 140 


30 Freeze-fracture replica of a cell showing the 


meMibrane,, NUCTeuUS, and CYLOplasi-——-—--—---- ~~ ors 143 


XVI 


BOT Sen cawmen «satiny kee eeaedyo aie, Sietodn sackanee | 


ones | Bi: 
| 
we , a 


7% . be 
BEY) dwudiewamoneccieetrnr ‘peuge} shia taaar eee $e alige 


goiwote sages? lasing He en) g:usoert-esaeye | 

BED ncecancwne—norewtee~ pemborq 4 fea a ne aotye sel Game a 
mor? aditonu, st Oo. sce eine . ayraerts ene sean 

et! ee ame lt wm oe le latte he aie bile wid S82 Teor “ASF A. 

Fie 

iy) nolyorel aéee- 5 To SnaaTeegge St0776%" soname fs 

ne) i Jaleo t 1: > F ; on 

BEI sam seineenn sae ~isantint oem gagety, Heieog- arene 


{ib 
~ 
ab 
a 
g 
ai 
pee 
@ 


I et at ale alata aa ‘= 5p ssoe7? Fa) nett 


~ 
afty eniwatle Phas 6. to asbiqe> yvutae tl -oaaet4d, 


CHAPTER | 


GENERAL INTRODUCTION 


} 
a 
a 
’ 
7 
8 
* 
i. 
ve 
y 
it 
7 i 
7 - 
7 oF 


VOLT VOOR THA GAR avso: 


SV TSARD 


CHAPTER | 
GENERAL INTRODUCTION 
A. REVIEW OF LITERATURE 


Classification of smooth muscle: The vertebrate smooth muscles were 


divided into two categories by Bozler (1948). 


i) Single-unit, which are usually spontaneously active, behave 
as a single synchronized unit in contractile function. Action poten- 
tials initiated in any cell are conducted to other cells. The smooth 
muscles of the gut, uterus and ureter were considered by Bozler to 


belong to this category. 


ii) Multiunit smooth muscles, which are usually not spontaneous- 
ly active, consist of independently acting units. These are depen- 
dent on activity of nerves and/or diffusion of mediator to each cel] 
for initiation of excitation. Bozler included most vascular smooth 
muscles, nictitating membrane, iris sphincter, urinary bladder, 
tracheobronchial smooth muscles in this category. 

Many of the multiunit smooth muscles were, in later studies, 
shown to exhibit single-unit characteristics, such as conducted 
action potentials. Guinea-pig vas deferens and bladder and many 
vascular smooth muscles are examples of this type (Burnstock, 1970). 

A classification of smooth muscles based on the nature of auto- 


nomic innervation to the cells was proposed by Burnstock (1970). The 
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smooth muscles were categorized into three types: 


i) The smooth muscles in this group were considered to have 
innervation to all the cells with close neuromuscular contacts. This 
model would correspond to Bozler's multiunit pa tebe and is repre- 
sented by vas deferens from mouse and rat and possibly cat ciliary 
muscle. The cells were thought to be connected through "'low-resis- 
tance'' contacts, through which there could be electronic spread of 
junction potentials and spike activity. The membrane properties would 


limit the spread of all-or-none action potentials in these tissues. 


ii) Two types of cells were envisioned in this group. One type 
the directly innervated or ''key'' cells which are influenced by trans- 
mitter released from nerve endings closely situated to them. The 
other type is indirectly tnnervated or ''coupled'' cells, in which junc- 
tion potentials are evoked by electrotonic spread from key cells. 

When excitation by nerves affects a large-enough area of the cell 
membranes of both cell types, a propagated action potential can occur. 
The smooth muscles like guinea-pig vas deferens, bladder, circular 


intestinal muscle, etc. were considered to belong to this category. 


iii) The smooth muscles in this group behave like the unitary 
types proposed by Bozler. There are very few or no close junctions 
between the nerves and the cells in smooth muscles of this type. 


Three types of cells were described: a few directly innervated or ''key"' 
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cells; a few ''coupled'' cells which are activated by electrotonic 

spread of junction potentials; and few ''indirectly-coupled" cells 
activated by propagated action potentials from other cells. The longi- 
tudinal muscle of the gut, ureter, most vesciar smooth muscles and 
possibly the uterus come under this classification. 

The classification of Burnstock, for the most part, was purely 
speculative. The mechanisms of excitation of the smooth muscles in the 
three categories cannot be deduced from the description of the organi- 
zation of the cells. There is also an implicit assumption that ''low- 
resistance'' contacts exist between the cells in all smooth muscles. 

The classification also seems to be rigid, much like the earlier one 


proposed by Bozler. 


Innervation of smooth muscles: 


Quantitative examination of neuromuscular contacts in different 
smooth muscles has been undertaken. In the vas deferens of adult rat 
(Richardson, 1962 and Taxi, 1965), mouse (Lane and Rhodin, 1964 and 
Yamauchi and Burnstock, 1969), and guinea-pig (Merrillees et al, 1963), 
the results of such studies suggest that individual cells are inner- 
vated. Close neuromuscular contacts have been described in these 
tissues (separation of about 200 A°® between nerves and muscle celus). 
Smooth muscle like the circular coat of intestine was shown to have 
dense innervation, but not every cell seems to be innervated (Burnstock, 
1970). Most vascular smooth muscles, uterus, ureter and the longitudinal 
layer of the intestine were shown to have sparse innervation. Finally, 


smooth muscles with no nerves have been described, like the muscle 
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cells of the chick amnion (Burnstock, 1970). Thus, the density of 


innervation differs in different smooth muscle systems examined. 


Tracheo~=bronchial smooth muscles: 


The smooth muscles of the respiratory tract from different species 
have been studied for the pattern and types of innervation. The exci- 
tatory innervation to the respiratory smooth muscle has been shown to 
be cholinergic (Mizers, 1955 and Widdicombe, 1963), from the vagal para- 
Sympathetic component of the autonomic nervous system. There is also 
an inhibitory innervation from the sympathetic system (Rikimaru and 
Sudoh, 1971). In addition, a third component of nervous activity, 
which has been described for the smooth muscles of the gastro-intestinal 
tract (Burnstock, 1973) , has been shown in the respiratory smooth 
muscles of guinea-pig (Coburn and Tomita, 1973) and human (Richardson 
and Beland, 1972), the non-adrenergic and non-cholinergic inhibitory 
system (NA!). There is no evidence for the presence of this inhibitory 
innervation to the canine tracheal smooth muscle (Suzuki et al, 1976). 
Thus, the airway smooth muscles are thought to be regulated by both the 
parasympathetic and the sympathetic components of the autonomic nervous 
system acting in concert. With respect to the presence of non-adrenergic 
inhibition, there seem to be species differences. 

The nervous regulation of the smooth muscles of the gastrointestinal 
as well as those of the respiratory tracts seem to be similar. The 
smooth muscle, epithelium, vagal innervation and the ganglion cells in 
the lung have been shown to have a common embryological origin with 


these systems in the gut (Krahl, 1964). Thus, it is not surprising that 
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the neural control of both these systems are identical in some respects: 

Electrophysiological, histochemical and ultrastructural studies on 
respiratory smooth muscle have been carried out to correlate the 
physiological responses to the innervation present. In the human 
tracheobronchial muscle, Richardson and Beland (1976) demonstrated 
an atropine-sensitive excitatory response and a Tetrodotoxin (TTX)- 
sensitive inhibitory response to Field stimulation using appropriate 
parameters. There was no evidence for an adrenergic inhibitory 
influence with this technique, nor could the nerves be demonstrated 
by histochemical techniques. In the respiratory smooth muscle of the 
guinea-pig there was pharmacological evidence for the presence of 
adrenergic inhibition and the nerves could be demonstrated by histo- 
chemical techniques (Richardson and Bouchard, 1975). 

In a correlated histochemical ultrastructural study on the cat 
tracheobronchial smooth muscle, Silva and Ross (1974) showed an exten- 
sive autonomic innervation. Fluorescence studies revealed a network of 
adrenergic fibres on the surfaces of the trachealis which also extended 
between the muscle ceils. In cats treated with 6-Hydroxy dopamine 
(6-LHDA), an agent which has been shown to cause selective degeneration 
of adrenergic fibres (Thoenen et al, 1970), the fluorescence associated 
with adrenergic nerves was no longer seen. In trachealis muscle, nerve 
fibres with structurally different vesicles were noted: agranular 
vesicles (300 - 2000 A° diameter); small (300 - 600 A°) and large gra- 
nular vesicles (700 - 1200 Aeooie After 6-OHDA treatment, the nerve fibres 


contained predominantly agranular vesicles and very few large granular 
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vesicles. Those nerve profiles which contained large granular and 
small granular vesicles were considered to be adrenergic nerves, since 
they were apparently destroyed by 6-OHDA treatment. The profiles re- 
maining after 6-OHDA treatment, predominantly agranular vesicles and a 
few large granular vesicles, were considered to be cholinergic. 

Cameron and Kirkpatrick (1977) produced evidence for a cholinergic 
excitatory innervation for the bovine tracheal smooth muscle. Using 
the single-sucrose gap apparatus to record potential changes, they re- 
corded excitatory junction potentials (ejps)} in response to electrical 
Field stimulation. The ejps were followed by brief twitch-type con- 
tractions of the tissue strips. On repetitive stimulation, both the 
amplitude of the depolarizations and the tetanus were increased, with 
no evidence of facilitation or production. of action potentials. 
External administration of acetylcholine (ioe gm/ml) simulated the 
responses (both mechanical and electrical) to repetitive electrical 
Stimulation. Neostigmine potentiated and atropine either reduced or 
abolished the contraction as well as the ejps. Thus, it was evident 
that the ejp and contraction were due to release of acetylcholine from 
the intrinsic nerve endings. Their electron microscopic studies re- 
vealed that the nerves were present in the clefts between smooth muscle 
cell bundles. The axonal varicosities were not seen in close proximity 
to the cells. Determination of the quantitative proportion of muscle 
cells and nerves revealed a sparse innervation. 

In the canine tracheal smooth muscle, Suzuki et al (1976) showed 
that the nerves between the muscle cells were rare. The nerve fibres 
contained three kinds of vesicles: a) agranular vesicles (diameter 500 - 


700 A°); b) small granular vesicles (diameter 600 - 800 A°); and c) 
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large granular vesicles (diameter 1000 - 1500 A°). The nerve fibres 
with the agranular vesicles were reportedly more frequent than those 
containing granular vesicles. Their histochemical studies for acetyl- 
cholinesterase revealed a diffuse staining; also the catecholamine- 
fluorescence was localized mainly around the blood vessels and close 
to cartilage with few fluorescent fibres between the muscle cells. 

The smooth muscle of the guinea-pig sphincter pupillae has been 
shown to have a very dense innervation (Gabella, 1974). Ina full 
cross-section of the spincter, Gabella reported about 2791 profiles of 
muscle cells and 843 nerve fibres, more than half of which contained 
Synaptic vesicles. About 194 out of the 843 nerve fibres were seen 
separated from muscle cells by a gap of about 20 nm. Post-junctional 
specializations were also noted along some of the closely located nerve 
endings. Based on the approximate length (7 um) of a varicosity, 
Gabella reported that there could be more than half a million nerve 
terminals in one pupillary muscle. It was concluded that all muscle 
cells were innervated and many of them could be in close proximity to 
several varicosities. 

In the vasa deferentia of rat and guinea-pig, Goto et al (1977) 
observed spontaneous junction potentials (sjps). They also reported a 
denser innervation and higher frequency of discharge of sjps in the 
rat vas deferens than in the guinea-pig muscle. They attributed the 
sjp frequency to the density of innervation of the muscle. 

From the foregoing discussion it is evident that different 
visceral smooth muscles vary in their pattern and density of inner- 
vation. Smooth muscles like the pupillary muscles and the vas deferens, 


which are involved in rapid movements, are characterized by innervation 
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of what appears to be every muscle fibre. On the other hand, in smooth 
muscles showing slow graded responses like those of the gut and the 
uterus, the innervation allows for diffuse release of transmitter from 
the nerve endings (Burnstock, 1970). 

In smooth muscles where excitation is supposedly initiated by 
nerves and/or diffusion of transmitter from the terminals the density of 
innervation has been shown to be high (Bennett and Merrillees, 1966 and 
Gabella 1976). In smooth muscles where nervous influence is considered 
to regulate the spontaneous activity of the cells, the innervation has 
been found to be less dense (Bennett and Rogers, 1967). As cited above, 
for the bovine and canine tracheal smooth muscles, where initiation of 
excitation is considered dependent on nerves (in the absence of myogenic 
electrical activity), the density of innervation has been found sparse. 
Thus, the basis of excitation of smooth muscles cannot always be inferred 
from knowledge of the density of innervation. 

Cameron and Kirkpatrick (1977) hypothesized the following scheme of 
events to be operative during neuro-muscular transmission in the tracheal 
smooth muscle: depolarization of more peripheral cells in the tissue by 
the acetylcholine released from parasympathetic postganglionic nerve 
fibres and electrotonic spread of the potential changes to cells in deeper 
bundles through low-resistance interconnections. The types of cell-to- 
cell contacts found in these muscles are discussed in a later section. 
Since the space constant of these tissues is long (see, later section). it 
is conceivable that there could be nondecremental conduction of © 


potentials. 
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General ultrastructure of smooth muscles: 
Size and shape of smooth muscle cells: 


The cells in different smooth muscles vary in size, but in any 
one tissue seem to be constant (Gabelia, 1973). The diameter of cells 
in different smooth muscles has been reported (Burnstock, 1970) and 
varies from about 1.5 um up to 6 um. The cells in smooth muscles 
fixed in the relaxed and contracted states have different cross- 
sectional areas (Gabella, 1973 and 1976). During tsotonic contrac- 
tion, the smooth muscle cells of the guinea-pig taenia coli were 
shown to increase in the cross-sectional area. The percentage increase 
was found to be the same as the percentage decrease in length. In 
longitudinal sections of stretched tissues, the cells were shown to 
run parallel with smooth surfaces while in isotonically contracted 
tissues they were larger with numerous finger-like projections. 

The smooth muscle cells of the gut are usually round or oval in 
transverse sections when fixed in the relaxed state. [In some muscles, 
the cells have more irregular shapes. In the rat anococcygeus muscle, 
the surface membrane of the cells was shown to have large invagi- 
nations throughout the length of the muscle (Gabella, 1973). The 
cells of the guinea-pig sphincter pupillae also had very irregular 
shapes (Gabella, 1974). The surface to volume ratio, due to the 
shape, was shown to be very high. Trachealis smooth muscle cells were 
shown to have elliptical shapes in cross-section (Suzuki et al, 1976). 
These processes should be different from those observed by Gabella 


(1976) in smooth muscles fixed in the contracted state. 
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Surface membrane: 


The surface membranes of smooth muscle cells have structures 
described as caveolae. Some caveolae open to the extracellular com- 
partment, as demonstrated in studies using extracellular tracers 
(Gabella, 1973; Devine eval, 19/23 and Garfield, 1973). In thin 
sections, some caveolae appear to be intracellular although this could 
arise due to the connection not being included in the plane of the 
section. In the longitudinal muscle of the mouse intestine, Rhodin 
(1962) reported that the caveolae increased the surface of the cells 
by 25% whereas in the guinea-pig taenia coli Goodford (1970) reported 
a 70% increase in surface. 

A role for these caveolae in control of cell volume has been 
proposed by some investigators (Daniel and Robinson, 1970). The study 
by Garfield and Daniel (1977) reveals that the membrane vesicles in 
rat myometrium have Bee e ce in common with the volume pump des- 
cribed by Daniel and Robinson (1971) and Rangachari et_al (1972) in 
this tissue. The maintenance of vesicles seems to be dependent on 
ATP formation and metabolism of the cells. 

The caveolae have an average diameter of about 1000 A° (Gabella, 
1973 and Garfield, 1973). They have been shown to appear very early 
in embryonic development (Gabella, 1973). it is thought that the 
vesicles delimit a space around the cells whose ionic composition is 


directly controlled by the cells themselves. 


Cytoplasmic organelles: 
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The superficial regions of the cytoplasm, subjacent to the 
surface membrane and the caveolae, of many smooth muscle cells have 
abundant sacs and tubules of smooth sarcoplasmic reticulum. These 
have been observed in vascular smooth muscle (Somlyo et al, 1971) 
as well as in taenia coli, uterus, vas deferens, intestine and stomach 
smooth muscles (Gabella, 1971). In the taenia coli, Devine et al 
(1972) have estimated that the sarcoplasmic reticulum contributes 
about 2% of the total cytoplasmic volume. The presence of sarcoplas- 
mic reticulum in smooth muscle just below the surface membrane and 
caveolae has prompted investigators to speculate a role in storage, 
release and transport of Ca** in smooth muscle (Gabella, 1971 and 
Somlyo and Somlyo, 1971). 

The deeper regions of the cytoplasm, especially at the poles 
of the nucleus, in smooth muscle cells are the smooth and rough sar- 
coplasmic reticulum and mitochondria. Mitochondria are also seen 


underneath the surface membrane. 
Cell-to-cell contacts in smooth muscle: 


The cells in different tissues come into close contact at certain 
regions and the structures of these various contacts have been the 
basis of some reviews (Weinstein and McNutt, 1972; McNutt and Wein- 
Stein, 1973; Friend and Gilula, 19723) Pappas’, “1973; Furshpan and 
Potter, 1968; and Henderson, 1975). In smooth muscles, four major 
types of cell-to-cell contacts have been described: nexuses, inter- 
mediate contacts, interdigitations and simple appositions. The 
structure and functions of the nexus are discussed in a later section 


of this Chapter. 
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Intermediate contacts: These have been demonstrated after glutaral- 
dehyde primary fixation followed by osmication and staining in smooth 
muscles. The plasma membranes of neighbouring cells are parallel 
with a separation of about 50 nm (range ho - 70 nm) at these junc- 
tions (Henderson et pals 1971). The cytoplasm of the cells, just 
underneath the membranes at the junction, appears more dense. The 
extracellular space within the contact usually has a dense line and 
is granular in appearance. The intermediate junctions and desmosomes 
seen in epithelial cells (Farquhar and Palade, 1963) resemble the 
intermediate contacts in smooth muscle, although the first two types 


have narrower intercellular spaces. 


Interdigitations: These appear as cylindrical or mushroom-shaped 
invaginations of one cell into a neighbouring cell, the shape being 
dependent on the plane of section. Gabella (1972) described them 

as ''bulbous projections''. The membranes of adjacent cells lose their 
basement membranes at these contacts and are separated by a gap of 
about 10 nm. There are no membrane specializations observed at 

these contacts. Interdigitations have been observed more commonly 

in tissues fixed with permanganate (Dewey and Barr, 1964; Oosaki 

and [shii, 1964; Bergman, 1968; Nishihara, 1970; and Henderson et al, 
1971). They also seem to be more frequent in contracted tissues 
(Rhodin, 1962; Caesar etal; 1957; Lane, 1965; and Nagasawa and 
Suzuki, 1967). 

Simple appositions: The membranes of neighbouring cells run para- 
llel, separated by a gap of about of 10 nm at these junctions 


(Henderson et al, 1971 and Gabella, 1972). Such contacts have been 


ti iat an » 4 


nSadh bead tbepitte? 
‘ m 
Abode (A) (GaINIEZe -bne AG! sG2Tmeo xd bows toy ee ere’ 


fait ndenions hla. ee skate! bi vomandint ‘pues fa" Pa aid 
bt + OF sg ner! fart, 0g siiods 30: Kev oiandet 5m 


deh hes Tad te STO TIN: 


<ecay BPSD TH, hc RYE . 
aie 
ga0t .BPTSsh edt To bral fagtva ont ~ GING at 6 39 ae 
sil $ bs PA BSUGE. of htt oo ft}. ord 16 pet tea aris oar 
re ah fe G4 Ae: Pe 702 arts arin ty saat va te 


. 4 | - : a A ot rg 2 A~ * a) ¥ 
eemnionmeh bhe. spol deny), S361 baw s) At SP dais vena G1 a 


abdnapan (Fal. pahelet tne Rikipig?) 2bhe2 belated: 


4 
au 


| oi sn a >. Oth) Aoiortd |} Shoei n7oune i 2509S avet 


ae” o|isartaaey wit ney 


wmaer A“moe ram leo vel yg $n ag ls, a a i A} G3: 
: . SAN ce ae 
ote 
Pe eer et ae hs nbasodddienn ts ‘oa Riao: Se +6 ark, BT 
gas oad) oepb (' j} ef tedes: noegoe te ent ae se tap 


Via attest aa at) coansk' “tree adr Angels ; Sar ey 


“San! “Geol + a 
poe An cee 6 VO bese tedse, S1e4bne 233 es TT. a6 nent | 


vrtaedo, eno} 765 hes eon Siictia a Sh shedt one 


v. 


ne ih 
‘i wt noha DIdiy bainoeds nigs8 avert aioidexadtnresal 
gti : a laGent) “O8e) be bas ges) SS eh ihiw! baNet ea 


| > (ig 49 noesehnsh bes BS Tel 45a Heme 36 te: ic 
na 7 : = 7 an 4 " = 
Pai 34) | ‘ely bese 3 yey oi Teo. A snebpbal eek 54 os meat OG ety am .v 


7 i 

: 

2 

: 4] ian ve 
~ ve hie evedegslt brie dre! \antel 4 ve? tet3 ae boat iboats 

f 7 a ; 3 _ aj - Hii 

Mm ; 7 ; ( Fr ~ : As fe ie 
( iy “er = 


4 
: 5 


= 


~shegy nun alts owl weUnp iad, ie sapien ant . rate Lees 

» pele aAdl Tomi, Apett a6 on, AY 198 {ode 5 Ty a aed oat 
=a 

nag avail 8356tnop 1502 ‘ae vet teuen bine. wet 


14 


described in a variety of smooth muscles and they seem to be typical 
for small arterioles {see Henderson, 1975). 

The precise physiological role for these three types of cell- 
to-cell contacts is not known. The sess BLT ity. however, exists 
that they could be potential sites of cell-to-cell coupling. There 
are no special characteristics of these junctions which make it 


possible to identify them in freeze-cleaved replicas. 


Nexuses: The cell membranes of adjacent cells are sometimes seen 
in close apposition without a visible gap and with no electron- 
density of the subjacent cytoplasm at these junctions. Dewey and 
Barr (1962) called these nexuses or tight junctions. They claimed 
that the smooth muscle cell membrane outer leaflets fused at the 
nexus, giving a 5-layered appearance in thin sections of tissues 
fixed in permanganate and examined under the electron microscope. 
Colloidal lanthanum, an extracellular space marker, could penetrate 
some of the structures previously classified as nexuses suggesting 
that the outer membrane leaflets were separated by a gap, as in 
gap junctions between epithelial cells (Revel sake 1967). The 
presence of a gap of about 2 nm was confirmed at the nexus of 
smooth muscle and hence the term gap junction was used to descri- 
be these contacts (see Gabella, 1973). 

The presence and the extent of the gap between the apposing 
membranes have been attributed to the fixation and dehydration 
procedures used. There is no evidence to indicate more than one 


type of gap junction in tissues (Gabella, 1973). In tissues fixed 
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with permanganate swelling of cells and fusion of membranes has been 
shown to occur, causing formation of nexus-like structures (Daniel 
et al, 1976). Brightman and Reese (1969) showed that permanganate 
fixation caused conversion of gap junctions into tight junctions in 
the central nervous system. Likewise, in mouse liver fixed in 
glutaraldehyde and dehydrated with acetone the gap of 2 nm was 

shown to disappear and the junction had a 5-layered appearance 


(Goodenough and Revel, 1970). 


Fine structure of gap junctions: 


a) Thin-section appearance: [In thin section electron micros- 


copy, the gap junction appears as a 7-layered structure with a central 
gap about 2 nm wide either after uranyl acetate en bloc staining 
(Revel and Karnovsky, 1967) or after filling the extracellular space 
with electron-dense tracer like lanthanum (Revel and Karnovsky, 1967). 
However, in lanthanum-impregnated tissues, a central zone about 55 A° 
in width seems to rendered opaque with lanthanum in thin sections 
passing perpendicular to the plane of the gap junction due to stain- 
ing of the membrane outer leaflets. In thin sections of lanthanum- 
impregnated cardiac muscle, when viewed en face, the nexus is seen 

to consist of subunits about 70 to 80 A° wide. There is a central 

dot 15 A° in diameter in these subunits (see McNutt and Weinstein, 
1973). A similar lanthanum image of gap junctions has been confirmed 
by others (Brightman and Reese, 1969). The subunits of the gap junc- 
tions themselves are arranged in a hexagonal array with a cintre- 


to-centre spacing of 90 to 100 A° (see McNutt and Weinstein, 1973). 
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b) Negative staining: In negatively stained isolated liver- 


cell plasma membrane fragments, Benedetti and Emmelot (1965) showed 

a hexagonal array of subunits. When Revel and.Karnovsky (1967) 
described the structure of lanthanum-impregnated gap junctions, it 
was evident that the hexagonal array of subunits seen in liver plasma 
membrane was in fact the gap junction since it only occupied a smal] 
fraction of membrane fragments scanned (Benedetti and Emmelot, 1968). 
The hexagonal array of subunits was also demonstrated in hegatively 
Stained isolated gap junctions from liver (Goodenough and Revel, 


1970; and Goodenough and Stoeckenius, 1971). 


c) Freeze-fracture appearance of gap junctions: Freeze-fracture 
studies of gap junctions reveal closely packed particles arranged in 
a hexagonal array with a centre-to-centre spacing of 94to- LO nm when 
viewed on the niemBrane PF face. The membrane EF face has a hexagonal 
array of depressions or pits, which also have a centre-to-centre 
Spacing of 9 to 10 nm (Chalcroft and Bullivant, 1970; Goodenough and 
Revel, 1970; and McNutt and Weinstein, 1970). However, the rela- 
tionship between the subunits delineated by lanthanum in thin sec- 
tions as well as by negative staining and the subunits seen in freeze- 
cleaved nexuses is poorly understood. 

The particles seen on the PF face of nexuses are 6 to 7 nm in 
diameter, whereas the subunits seen in lanthanum-impregnated nexuses 
measure 7 to 7.5 nm. The measured diameters are thus similar. 
However, the particles seen in the replicas are actually enlarged in 
size due to capping with Platinum (Pt) during shadowing and in calcu- 


lating the true dimensions a correction factor must be introduced. 
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The corrected size of the particles would be 4 to 5 nm in diameter 
(assuming that Pt deposition would increase the size DYN Lad tor 2.5 
nm depending on replica thickness). Thus, the particles seen in 

replicas are clearly smaller than the subunits delineated by lantha- 


num, although they are assumed to represent the same structure 


(McNutt and Weinstein, 1970). 
Gap junctions and cell-to-cell coupling: 


Electrotonic coupling between cells has been taken as evidence 
for the presence of gap junctions in many systems. Likewise, the 
presence of gap junctions between cells is considered as evidence 
for electrotonic coupling in tissues. In some systems, a temporal 
correlation between electrical coupling, as demonstrated by elec- 
trophysiological techniques, and the presence of gap junctions, as 
revealed by ultrastructure, has obtained. 

Johnson et_al (1974) studied the formation of gap junctions in 


reaggregating Novikoff hepatome cells in culture. Electrophysio- 


logical measurement of coupling in these cells was done concurrently. 


They examined the freeze-fracture replicas of the celis at diffe- 
rent times after reaggregation and noted that establishment of 
coupling coincided with the appearance of particle aggregates in 
the membrane. The coupling coefficient was found to increase with 
an. increase in. the size of the particle aggregates. 

Pappas et_al (1971) and Asada and Bennet (1971), in their 
studies on crayfish giant axons, observed a temporal correlation of 
loss of coupling and disappearance of gap junctions when solutions 


containing low chloride were used. However, the changes were 
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reversible; coupling was restored at a time when gap junctions re- 
appeared. 

In chick myogenic cells, presence of gap junctions and esta- 
blishment of electrotonic coupling were seen to be temporally rela- 
ted (Rash and Fambrough, 1973 and Rash and Staehelin, 1974). Revel 
et_al (1971) found other types of cell-to-cell contacts in the 
myoblasts and argued that their role in coupling should also be 
considered. 

Human fibroblasts which showed coupling, gap junctions and con- 
tact inhibition of growth were hybridized with malignant mouse L 
cells which were not coupled, had no gap junctions and no contact 
inhibition (Azarnia et al, 1974). On culturing the hybrids, some 
cells were seen to lose the human chromosomes and they exhibited 
characteristics of the mouse L cells. These heterokaryons lost the 
capacity to form gap junctions and were not coupled. The hybrids, 
however, had gap junctions and were coupled. This also suggests 
that the ability to form gap junctions in these cells is genetically 
determined. 

In a study by Gilula et al (1972), Chinese hamster fibroblasts 
which were incapable of incorporating purine nucleotides were cul- 
tured with cells which were competent in this respect. When the 
incompetent cells were coupled with the competent cells, they showed 
gap junctions and incorporated the purines. However, when ionic 
coupling was not established in some cultures, there were no gap 
junctions and the cells remained incompetent. 


In cardiac muscle immersed in hypertonic solution, Barr et al 
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(1965) reported a block of spike propagation due to the disruption of 
nexuses. These results were contradicted by Dreifuss et al (1977) 
who attributed the block of spike activity to swelling of the sarco- 
plasmic reticulum. 

In smooth muscle incubated in solutions made hypertonic by the 
addition of sucrose, Barr et _al (1968) reported disruption of nexuses. 
They used permanganate fixation to demonstrate the nuxuses. Hyper- 
tonicity was claimed to result in loss of spontaneous spike activity 
as a result of loss of nexuses. Their results could not be confirmed 
by other investigators (Cobb and Bennett, 1969; Nishihara, 1970; and 
Daniel et al, 1976). Tomita (1967) showed that loss of spontaneous 
spiking was related to the hyperpolarizing effect of hypertonic 
solutions in the same tissue. 

Electrical coupling had been shown between cells of many smooth 
muscles where gap junctions were also seen. On the other hand, some 
smooth muscles, which are electrically coupled, were shown not to 
possess gap junctions (Henderson et al, 1971; Daniel et al, 1976; 
and Gabella, 1973 and 1975). Thus, there is no convincing correla- 
tion between presence of coupling as well as gap junctions in all 
smooth muscles. So far no instances have been found in which gap 
junctions were present but coupling was absent. Thus, they may be a 
sufficient but not exclusive mechanism for cell-to-cell coupling in 
smooth muscles. In the circular layer of the dog small intestine, 
Daniel et al (1976) found gap junctions as demonstrated by thin- 
section EM and freeze-fracture techniques. In the longitudinal layer 
of the intestine of dog, gap junctions could not be demonstrated 


using these two techniques, despite presence of coupling between the 
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cells. 

In the guinea-pig taenia coli, several investigators reported 
presence of gap junctions between smooth muscle cells. Geisweind and 
Wermbter (1974) observed gap junctions in freeze-cleaved replicas of 
guinea-pig taenia coli. However, Gabella (1975) could not demonstrate 
gap junctions in this tissue. 

The presence of gap junctions in the bovine tracheal smooth 
muscle was reported by Cameron and Kirkpatrick (1977). An examination 
of their published electron micrograph reveals close contacts which 
cannot be identified satisfactorily as gap junctions. There was no 
high power micrograph of a gap junction in their report. 

In the canine tracheal smooth muscle, Suzuki et al (1976) claimed 
that cellular connections like the ''tight junction (nexus)'' were rare. 

In their study on the incidence of nexal contacts and electrical 
coupling in the guinea-pig and rat vasa deferentia, Goto et al (1977) 
reported a correlation between presence of nexuses and cell-to- 
cell coupling. They observed a denser innervation in the rat vas 
deferens than in that of the guinea-pig. The incidence of ''complex 
nexuses!' (projection of one cel] into another) were found to be higher 
in the guinea-pig tissue than in the rat tissue. The guinea-pig 
tissue had a longer space constant (about 1.5 mm) than the rat tissue 
(less than 0.5 mm). The longer space constant in the guinea-pig vas 
deferens was attributed to the presence of greater number of ''complex 
nexuses'! thus allowing for better coupling. The higher density of 
innervation in the rat vas deferens was taken as evidence to support 
the model proposed by Burnstock (1970) for classifying smooth muscle 


based on the nature of innervation. The tissues in this study were 
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were fixed in permanganate which has been shown to result in formation 
of nexus-like structures in a variety of tissues (see earlier section on 
nexus). Thus, their evidence for a role of "complex nexuses!' in cell]- 
to-cell coupling should be interpreted with caution. 

The cells in smooth muscles like guinea-pig vas deferens and 
taenia coli and the tracheal smooth muscles of bovine and canine species 
are known to be electrically coupled and have cable properties (Tomita, 
1966 and 1967 : Abe and Tomita, 1968 ; Cameron and Kirkpatrick, 1977; 
Kroeger and Stephens, 1975; and Suzuki ét ‘al, 1976). Burnstock (1970) 
proposed that the extent of electrotonic coupling and the density of 
innervation of smooth muscles were inversely related, i.e. smooth muscles 
where electrotonic spread of spike activity did not occur had a very 
high density of innervation. However, this was shown not to be true of 
some smooth muscles (see Cameron and Kirkpatrick, 1977). 

If smooth muscles exhibit cable properties, what are the morpholo- 
gical correlates of coupling between cells? This is discussed in the 


following section. 
The passive electrical properties of smooth muscle and cable theory: 


The passive electrical properties of the smooth muscle cell mem- 
brane are the membrane potential, membrane resistance, membrane capaci - 
tance, time constant, and the length constant of the membrane. Dif- 
ferent electrical models are available to interpret various attempts 
to measure these characteristic constants: the leaky condenser model 
and cable models: one dimensional, two-dimensional and cable model for 


limited length. The one-dimensional cable model] has been applied to 


ts | aa te all 7 ri ad 


aetsein 03 pl. s1bes7 og nwotle .aedd een mote, otanpenented at. 
Wie pol sone >a) [tee 902) gauter) ‘te wasraeV 6 cas ae wd ze, ities | 
4 eas, 104) Pajeyis Aten? ever , . 


Pea G | 
i ban cee Maseumot: REN UMGD" 7D 


so igtiw ioasrgiene od Sol ork aniiawa Ai 


BAG ENTS St ¥ Ss Bae wtf by leur a hatane ‘a?’ ebay “a 
esi Saqe erifas one iyod aril ih Jocme Aestoet dort ya, aS 
et lmet) tp! araqeyg Sicss ve bi os Ta Oes elieal nase | au Od pe 
Ay i 
Xe) a eer | 162 Staal ary adé . aeh 8 i 
te); xantenius », COKE | che: is japeuie Se 7608 penorgald ws 
ron ai . eup>. olnetenseatayte ‘nagxe ‘cit santa! 
= eadocdn Aodohe 6.6.0 4 yy) ane} Sta Apert ey so begin, he 10 ROT a iy " 


BY & Der TUSLO 704 Lit Vib) goE oi ac parr Sicha 
nO et yd a se¥agent Fo) sea 


(<Xes, . 101 te 2G LW bas ego wepad en), ctsoy, oem 


: ’ i +My 
siaidron Ant ste oer, e8 nono @ rldnal aidan oye ‘saoring) 3H rm 
Sig nh hazeusarh ah) rato fa fdas aS pa teu te bie 


3 7 


wipes oldsa bas, olozin Atoom ty 2903 aga) “Leosoags D1 Bh. 
a een eens el eee ae ae ee : ; eo ps 


+ 


ie meu 
| ° i ms 
horn pve. PT ap otezvar rrcoire st. To Ssh 9 auS ie hscimioe be sviepen adh . ’ 


' 7 - | 
7 “sage. os cru. S54n3 & ie mS me Pare of oe rl é.jaiie 10 Srendmeny, afte, 9 
; : , : . 


a ) Os ohare stad Ad aneiziay Abonbe SW) doe ARTO, walt 
Epqwisy-6 eye) “a penta os igbbel Tove aie’ +\ dap CREEL ae i oe 


: we "SE NabEOD yaae 2) ‘iiedengs ahaalwtpernrty azedy oe 


ah fesin pfding\.Die not ent Cpe ana hein 


22 


smooth muscle using the insulated partition stimulating method 
(Tomita, 1966 and Abe and Tomita, 1968). 
For an excitable tissue to have cable properties, it must meet the fol- 


lowing criteria (Hodgkin and Rushton, 1946): 


i) There should be exponential decay of electrotonic potential 
along the tissue. The electrotonic potential during steady state at 


distance x is expressed as: 


The amplitude of the electrotonic potential at X = 0, V (X = A)’, can be ° 
expressed as V (X = 0, t = «)/e. In other words, the space constant 
can be measured graphically at a distance at which the electrotonic 


potential decays to l/e or 37%. 


ii) The time course of the electrotonic potential, predicted 
from the cable equation must fit the actual time course of the elicited 


electrotonic potential measured at X; 


iii) The time to reach half-amplitude of the electrotonic poten- 
tial increases lirearly with distance along the cable. The slope of 
this relationship is given by a /2 X, where aa is the membrane time 


constant; and 


iv) The foot of a propagating spike rises exponentially and its 
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time constant Te is determined by the cable properties of the fibre. 

The above-mentioned criteria are fulfilled by many smooth muscles 
(Tomita, 1970 ; Kuriyama, 1970). In the partition stimulating method, 
the tissue is stimulated extracellularly and the evoked potentials are 
recorded intracellularly at various distances along the muscle from the 
site of stimulation. The smooth muscle is treated as a series of in- 
dependent cables formed by end-to-end connections of cells. The po- 
tential change in cells in the radial and circumferential axes is con- 
Sidered similar and it decreases along the length only. The maximum 
variation in the evoked potentials in the radial direction has been 
calculated to be about 20% (Bennett, 1972). Bennett also points out 
the uncertainty as to what extent this arises from variations in the 
quality of impalements of cells and an actual variation in the poten- 
tial. Eisenberg and Johnson (1970) have critically reviewed this as- 
pect for the analysis of the cable properties. 

The passive membrane properties of visceral smooth muscles have 
been measured with the partition stimulating method using the one- 
dimensional cable model. 


The equation relating space constant i is as follows: 


Ncw abate Re AR ye (2) 


where D is the fibre diameter and R. is the longitudinal resistance of 
the muscle fibre. To measure R X and R. must be known. Alternati- 
vely, he can be calculated from the relationship eS = on Rr where LB 
is the time constant and C is the capacitance. The membrane time 
constant is calculated experimentally from analysis of electrotonic 


potentials produced by square current pulses. 
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In the intercalated disc of canine myocardium, where the longi- 
tudinal core of the fibre is interrupted bY sthe discs, Spira (1971) has 
described a modification to the cable equation for determining junction- 


al resistance as follows: 
h = Vee (3) 


In cardiac muscle, r For smooth muscle, 


Oe ap : : 
i “cytoplasm "disc. 


Paes ge , 
this would be rs Ce elasm + ge The resistances are further 
given by: 
R RY n R 
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mn 2 Ta wen Ta 


> . e . 2 
Specific membrane resistance in ohms Cm. 


R = 
m 
R = Internal fibre resistivity on ohms Cm. 
, 2 
R. = Specific nexal resistance in ohms Cm . 
n = Number of nexuses (discs) per cm length of fibre. 
a = Fibre radius. 


nR 
nee NPR Rana es (5) 


area of nexus. for fibre 


The area of the nexus is taken as some fraction (f) of the cross- 


sectional. area of the fibre. Thus, 


R 
m Ra 
1 fe 2a or OS (6) 
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f can be calculated from the relationship: 


nexal length 
: (7) 
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In order to calculate Rr? values of f, Rs R. and a must be known. 


In the cardiac intercalated disc, Spira determined R. to be 1.4 ohms 


2. . 
Cm”. In smooth muscle, the nexal resistance can be calculated from the 


above-mentioned relationship. The values mentioned below (for guinea- 


pig taenia coli) were taken from Kuriyama and Ito (1975) and Burnstock 


(1970). 
2 2 
R = 60 K 2 Cm (range 30 - 90 K 2 Cm’). 
Radius of fibre, a = 3 um. 
Fibre length = 100 um. 
Number of fibres/ cm length (n) = 100. 
Nexal length = 0.15 um (measured in canine trachealis, 
Chapter |1). 
0.1 
Therefore f = rere Os 025% 
Ry was calculated to be 5 2 taps 


The assumptions implicit in these calculations were essentially 
the same as for the intercalated discs of canine myocardium (Spira, 
WO7IGwer hey: are: 

All current passes through the nexus and that current passes di- 


rectly between the cells, i.e., there can be no medium capable of 


shunting the current to the extracellular medium. The latter assump 


tion was made by Spira (1971) on the premise that the membranes at 


the nexus fused. Later studies, however, showed the nexus to have a 
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central gap. It is conceivable that the membranes at a gap junction 
come into contact at discrete regions maintaining direct cytoplas- 
mic continuity between the coupled cells. 

From the equation describing the space constant it is evident that 
changes in any of the three parameters: RW? R. and/or Ro will affect A 
(Equation #6). Thus, an increase in R and/or a decrease in either R. 
or R, will increase A. In situations where an alteration of A fs ob- 
served experimentally, the interpretation should take into consideration 
possible changes in all the three parameters. Even if R and R. re- 
mained unchanged, changes in space constant would be realized by chan- 
ges in Ro Among the factors which could change R, are: presence of 
'"low-resistance!' contacts of any type and their number and distri- 


bution in smooth muscles. 
Regulation of gap junction formation: 


Formation of gap junctions in vitro has been studied in various 
cell systems. The techniques used In most oes involved either sepa- 
ration of the cells mechanically in low calcium media or using protro- 
teolytic enzymes. Alternatively, the dissociated cells were either 
reaggregated in culture or micromanipulated into contact. Presence 
of gap junctions was studied in thin-sections and/or by the freeze- 
fracture techniques. Electrical coupling between the cells was mea- 
sured using electrophysiological techniques. In situ formation of gap 
junctions has also been investigated in a number of tissues. The cells 
and tissues investigated and various factors determining the appea- 
rance of gap junctions and coupling are discussed in Chapter IV 


(Discussion section). 
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Potassium conductance blockers: 


Multiunit nature of canine tracheal smooth muscle: 


The canine tracheal smooth muscle has been described as belongirig 
to the multiunit type (Kroeger and Stephens, 1975). The types of in- 
nervation found in this smooth muscle were described earlier (section 
on innervation of smooth muscles). Gap junctions have not been con- 
vincingly demonstrated in this tissue. The muscle was shown not to 
exhibit spontaneous electrical and mechanical activities in vitro. The 
electrophysiological studies reported in literature (Kroeger and 
Stephens, 1975 and Suzuki et al, 1976) showed that tetraethylammonium 
(TEA) could bring about a conversion from multiunit to single-unit 
type of behaviour of this smooth muscle in vitro. 

The compound TEA (a quaternary ammonium jon) has been used as a 
tool to block potassium channels of excitable tissues (see Narahashi, 
1974). Voltage-clamp studies demonstrated that the quaternary ammonium 
ion TEA selectively inhibited potassium conductance. Tasaki and 
Hagiwara (1957) first studied the effect of TEA on membrane conductances 
in the squid giant axon. TEA prolonged the falling phase cf the action 
potential, creating a plateau phase much like the cardiac action po- 
tential. It was effective only when perfused internally. Voltage- 
clamp studies by other investigators were interpreted as confirming 
the K - conductance blocking effect of TEA (see Narahashi, 1974). 

TEA has been shown also to decrease the resting potassium conduc- 
tance of other tissues; e.g., in skeletal muscle membranes (Stanfield, 


1970 and Volle, 1970 and Volle et al, 1972). In Aplysia neurones, TEA 
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(when applied internally) prolonged the duration of action potentials 
(IPSP) (Kehoe, 1969 and 1972). These effects were described as re- 
sulting from block of potassium conductance. When TEA was external ly 
applied, the block of IPSP required a concentration 500 times lower than 
that needed to block from internally. The external effect was inter- 
preted as being due to block of acetylcholine receptors. TEA has been 
used to eliminate the steady-state current during depolarization in 
studies to elucidate the relationship between depolarization and re- 
lease of transmitter (Katz and Miledi, 1967, 1969 and 1971). 

The aminopyridines have been used recently as tools to block po- 
tassium channels in excitable membranes. The compound 4-aminopyridine 
(4-AP) has been reported to selectively block the potassium channels 
of axons of cockroach (Pelhate and Pichon, 1974); squid (Meves and 
Pichon, 1975 and Yeh et al, 1976); Myxicola (Schauf et al, 1976); 
and the frog node of Ranvier (Wagner and Ulbricht, 1975). The selec- 
tivity of action of 4-AP in blocking K” conductance was evident from 
these studies. However, Yeh et al (1976) while investigating the 
effects of this compound in squid axon membrane concluded that, in 
addition to being selective, it exhibited voltage-, time-, and 
frequency-dependent characteristics. They also showed differences in 
the mechanisms of action of TEA and 4-AP in the squid axon (discussed 
in Chapter I11, Discussion). 

The effects of 4-AP on smooth muscle have not been investigated 
thus far. TEA has been known to convert the normally multiunit canine 
trachealis to unitary behaviour. In my studies (reported in Chapter 
111), evidence will be presented that h-AP is also capable of bringing 


about this conversion. 
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B. Objectives of the Present Study 


The following questions were raised at the start of this investi- 


gation: 


i) Can gap junctions be demonstrated in this smooth muscle 
and, if so, are they necessary for cell-to-cell coupling in multiunit 
smooth muscles? 

me) What are the structural bases of the conversion from multi- 
unit to single-unit type of behaviour of canine tracheal smooth muscle, 


if any? 


eee ae ’ ~ j . » . ae. 
iii) Can all K conductance blockers bring about this conversion, 


both functionally and structurally? 
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CHAPTER II 


NATURE OF CANINE TRACHEAL SMOOTH MUSCLE 


AND EFFECTS OF TETRAETHYLAMMONIUM ION (TEA) 


ON CONTRACTILE FUNCTION AND STRUCTURE. 
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CHAPTER 11 


Introduction: Nature of Tracheal Smooth Muscle 


Each cell of a multiunit smooth muscle must be excited indepen- 
dently either by excitation of nerves or by diffusion of mediator 
through the interstitial space. Gap junctions and any other regions 
of close contact providing low-resistance coupling between smooth 
muscle cells are absent or ineffective in these tissues according to 
the original classification (Bozler, 1948). Canine tracheal smooth 
muscle has been described as a multiunit smooth muscle and shown to 
have no spontaneous electrical and mechanical activities as studied 
in vitro (Kroeger and Stephens, 1975 and Suzuki et al, 1976). The 
contractile functions of respiratory smooth muscle are thought to be 
regulated by both the parasympathetic and the sympathetic components 
of the autonomic nervous system (Widdicombe, 1963). The cholinergic 
innervation from the vagus is excitatory (Widdicombe, 1963) while the 
adrenergic is inhibitory (Foster, 1964 and Rikimaru and Sudoh, 1971). 
In the canine tracheal smooth muscle, agonists acting on a-adrenergic 
receptors excite and those acting on 8-adrenergic receptors relax 
(Suzuki et al, 1976). There is evidence of a non-adrenergic and non- 
cholinergic inhibitory innervation in the tracheobronchial smooth 
muscle of the guinea pig (Coburn and Tomita, 1973; Bando et al, 
1973; Coleman and Levy, 1974;and Richardson and Bouchard, 1975) and 
man (Richardson and Beland, 1976) similar in some ways to the one pro- 
posed for the intestinal smooth muscle (Burnstock, 1970). The simi- 
larity in the neural control of the respiratory smooth muscle to that 


of the gastrointestinal tract smooth muscle might be expected from the 
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fact that embryologically these two systems have a common origin 
(Rramce 1904). 

Studies on the density of innervation of the airway smooth muscle 
of the bovine species indicate a sparse distribution of nerves 
(Cameron and Kirkpatrick, 1977). The axons and their varicosities 
were noted mainly in the clefts between the smooth muscle cel] bundles. 
These morphological findings do not correspond to expectation for a 
multiunit smooth muscle since each cell would have to be excited 


directly. 


Reported effects of TEA on the canine tracheal smooth muscle: 


The smooth muscle cells of the canine trachea had a stabie mem- 
brane potential in vitro with no evidence of spontaneous oscillations 
Or action potentials. The membrane had marked rectifying property to 
depolarizing stimuli. Neither electrical stimulation nor application 
of a variety of stimulatory agents caused phasic electrical or mecha- 
nical responses (Kroeger and Stephens, 1975). A myogenic response to 
quick stretch, normally present in single-unit smooth muscles, was not 
found. Treatment in vitro with TEA however brought about a conversion 
from multiunit to single-unit type of behaviour. TEA depolarized the 
cells, abolished the rectification, and initiated phasic mechanical 
activity with action potentials. A myogenic response to stretch could 
then be demonstrated (Kroeger and Stephens, 1975). 

In electrophysiological studies, Kroeger and Stephens (1975) 
found that TEA increased the amplitude of the electrotonic potentials 


resulting from hyperpolarizing stimuli. The space constant of the 
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tissue was also increased from 1.6 to 2.8 mm after TEA treatment. 
Since the magnitude of the electrotonic potential is related 

to the membrane resistance (Abe and Tomita, 1968 and Abe, 1970), these 
effects of TEA on the space constant were interpreted as being the 
result of an increase in the transmembrane resistance. However, the 
authors assumed that the electrical coupling and internal core re- 
sistance remained unchanged after TEA treatment. 

The effects of TEA were also interpreted as being consistent with 
its known action, namely, blocking potassium conductance. Kroeger et 
al (1975) concluded that the resting conductance to Kr in this tissue 
was so high and the increase in Na” conductance so small as to prevent 
a regenerative increase in Nae permeability resulting in depolariza- 
tion and spontaneous firing of pace-maker cells. 

Gap junctions have been considered to play a role in cell-to-cell] 
electrical coupling in smooth muscle as well as in a variety of other 
excitable tissues (Griepp and Revel,1977), although such evidence is 
largely circumstantial in this tissue. Since TEA treatment results in 
an increase in the space constant of canine tracheal smooth muscle 
tissue, | considered that this could be the result of both the 
observed increase in the transmembrane resistance, but also of a 


possible increase in the gap junctional area. 
Objectives 
The objectives of the present study were: 


i) To investigate the types of innervation and their relationship 


to smooth muscle cells and the effects of nerve stimulation on the 
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mechanical properties of the muscle as studied in vitros 


ii) To study the incidence of gap junctions between smooth muscle 
cells of the canine trachea and changes in their number in tissues ex- 
posed to TEA when single-unit behaviour is established and thus to 
determine whether changes in junctional resistance might account for 


the observed alterations in electrical and mechanical properties; 


iii) To study the correlation between gap junction formation and 
mechanical activity with respect to time, TEA concentration and other 


variables. 


Materials and Methods 


Tissue preparation: Mongrel dogs were anaesthetized with pentobar- 
bital sodium (30 mg/Kg, i.v.) and the cervical tracheae were isolated 
by a ventral midline incision. The tracheal smooth muscle (Tra- 
chealis) which lies on the dorsal aspect of the trachea, bridging the 
defect in the cartilaginous rings, was isolated gently and carefully 
from the underlying paries membranaceous and cut into strips | cm x 
0.2 cm x 0.075 cm. The tissue strips were mounted vertically in a 20- 
ml organ-bath at 37° C containing Krebs-Ringer bicarbonate solution 
(Krebs solution) through which a mixture of 95% 0, - 5% co, was 
bubbled continuously. The tissues were allowed to recover from 
dissection and handling for a period of one hour before addition of 
drugs or application of field stimulation. One end of the muscle 


strip was attached to the tube holding the electrodes for field 
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Stimulation and the other end to a Grass FT-03 force transducer. 
Isometric tension was recorded in a Beckman R 611 recorder through an 
appropriate coupler. An initial one g tension was applied to the 


tissue strips. 


Solutions: The composition of the Krebs solution used is given in 
Table {: Solutions containing TEA were prepared by replacing equimolar 


amounts of NaCl by TEA from the Krebs solution. 


Electrical stimulation: Electrical stimulation was applied through 
a pair of electrodes one cm apart and placed concentrically around 
the tissue strip. The current was applied by a Grass S9 stimulator. 
The parameters chosen for nerve and direct muscle stimulations are 


given in legends to Figures. 


Electron microscopy (EM): At the end of the incubation or experi- 
mental period, the tissue strips were fixed by immersion in 2% 
glutaraldehyde in 0.075 M cacodylate buffer (pH 7.4) containing 4.5% 
sucrose and | mM CaCl, under isometric conditions. After 2 hours in 
fixative, the tissues were rinsed for one hour in 0.1 M cacodylate 
buffer (pH 7.4) and post-fixed in 1% osmium tetroxide in 0.05 M 
cacodylate buffer of the same pH for 90 minutes. All tissues were 
stained en bloc with saturated aqueous uranyl acetate for one hour, 
dehydrated in graded alcohols and embedded in Spurr resin. Tissues 
were oriented parallel to the transverse axis in the blocks so as to 
get cross-sections of smooth muscle cells. Thin sections cut ona 


Porter-Blum MT-2B Ultramicrotome with glass knives and mounted on 
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TABLE 


Composition of Krebs Solution 


Salts 


NaCl 
KCi 
CaCl, 
MgCl, 
KH,PO), 
Nalco, 


Glucose 


Normai Krebs-Ringer 


(mmoles/litre) 


N29 
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300-mesh copper grids were stained for 2 minutes with Lead citrate and 


examined in Jem-7A or Philips-301 electron microscopes. 


Mechanical studies: Tissues were incubated either in Krebs solution 


or in TEA-containing solutions and isometric tension was monitored. 


Dose-response relationship: The effects of various concentrations of 
TEA (from 1 mM up to 70 mM) on the phasic mechanical activity of 
canine trachealis were studied. From this relationship, four con- 
centrations, 3, 10, 20 and 33 mM, of TEA were chosen. The minimum 
concentration of TEA capable of inducing a mechanical activity was 
found to be 3 mM. The tissue strips were incubated for one hour and 
fixed for electron microscopy. Control tissues were incubated in 


Krebs solution for one hour and processed for electron microscopy. 


Time-course of TEA-induced response: The tissue strips were in- 
cubated with TEA-containing solutions until phasic mechanical activity 
was established (10 - 15 minutes) and fixed for EM. Control tissues 


were incubated in Krebs solution. 


Quantitation of gap junctions: The number of gap junctions in thin 
sections of smooth muscle cells cut transversely were counted at a 
magnification of 45,000 in 3 to 5 grid-squares from each tissue. 
Cell-to-cell contacts were counted as nexuses or gap junctions if 
they presented a 5-lined or a 7-lined structure with a 2 nm central 
gap. A series of non-overlapping photographs of the cells in the 


scanned grid squares were taken at a magnification of 3200. The 
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negatives were enlarged 3 times (x 9600 final magnification) and 
printed on 20.3 x 25.4 cm paper. A map measurer (Keuffel and Esser 
Co., Switzerland) was used to measure the circumferences of cells in 
the photographs. 

In order to ensure that nexuses were not eptinted from serial 
sections of tissues, the measurements were made from grid squares 
occupied by the same section. The number of such grid squares de- 
pended on the section dimensions and so large sections of tissues were 
made. The number of gap junctions counted in the scanned grid squares 
was expressed as number per 1000 um length of membrane. 

The tissue blocks were assigned different codes. The codes were 
broken only after the number of gap junctions were determined as wel] 
as the total membrane length measured. 

The diameter of ‘the gap junctions counted in the scanned grid- 
squares was measured from high magnification micrographs of cells 


from control and TEA-treated tissues. 


Statistics: The Kruskal-Wallis H test was used for comparing the 
significance of the mean number of gap junctions in the control and 
the TEA-treated groups and the null hypothesis was rejected if 

p (H>H') at 0.05 level. Pairwise comparisons of the data were made 


using the Mann-Whitney U test. 
Results: 
A. General Ultrastructure: 


Freshly excised tracheal smooth muscle tissues from the dogs were 
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fixed in 2% glutaraldehyde in 0.01 M cacodylate buffer (pH 7.4) and 
processed for electron microscopy as described in the Methods section. 
Grey to silver sections of tissues, where the cells were cut in trans- 
verse orientation, were examined under the electron microscope. 

Figure | shows a low-magnification view of tracheal smooth muscle 
bundle. The bundles are separated by large interstitial spaces con- 
taining bundles of collagen and fibroblasts. 

Figure 2 shows a higher magnification view of a few smooth muscle 
cells. The cells are very irregular in shape, with several processes. 
These processes were seen in both control tissues as well as those 


treated with TEA. These processes did not appear to be those which 


result from contraction of smooth muscle as described by Gabella (1976). 


In the guinea-pig taenia coli, that author has shown changes in the 
structure of smooth muscle cells upon contraction and relaxation. 
Tissues fixed in the shortened state show an increase in the cross- 
sectional area. Individual muscle cells show similar changes. The 
cells have a very irregular surface with large evaginations. On the 
other hand, in elongated tissues, the cell surface is smooth. The 
tracheal smooth muscle strips used in this study were fixed with an 
initial one gm load and can therefore be considered stretched. Also, 
they were unable to relax in response to various agents and showed no 
evidence of tone or stable active tension. Nevertheless, the celis do 
not appear to have smooth surfaces. The numerous projections of the 
cells seen in this tissue couldn't have been an artefact of shortening 
either from an effect of the fixative or from spontaneous contractions 


induced by TEA in vitro. 


Examination of thin sections of tissues revealed presence of gap 
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Figure l. Smooth muscle cell bundle from the canine trachealis. 
Bundles of collagen and a few fibroblasts (F) can be seen in the 
Space outside of the smooth muscle cell bundle. Magnification 


x 6400. 
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Figure 2. Canine tracheal smooth muscle cut in cross-section. 
The cells have numerous projections and a gap junction (arrow-head) 
can be seen. The caveolae (small arrows) appear along the surfaces 
of the cells. Smooth sarcoplasmic reticulum (SR) can be seen 
(arrows) close to mitochondria (M) and underneath the caveolae. 

The mitochondria are in orthodox form. The myofilaments and dense- 


bodies are seen in the cytoplasm. Magnification x 74,000. 
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junctions between smooth muscle cells. These junctions were seen 
connecting processes of two cells. Figures 3 and 4 show typical gap 
junctions as seen in thin sections. The structure is 7-layered with a 
central gap about 2 nm wide. The abutment type of gap junctions des- 
cribed in other smooth muscles (Henderson et ah, 1971) were never ob- 
served in the canine trachealis. 

The fixation of the tissues was found to be optimal judging from 
the appearance of intracellular organelles and other criteria. The mito- 
chondria appeared orthodox. The sarcoplasmic reticulum (SR) was of two 
types: smooth and rough with attached ribosomes. The smooth SR was 
found usually close to mitochondria as well as the surface membrane 
(Figure 2). The myofilaments were well preserved and were of three types: 
thin filaments measuring about 70 A®° in diameter; thick filaments mea- 
suring about 150 A° in diameter; and intermediate filaments about 100 A° 
in diameter. There were many dense-bodies in the cytoplasm and dense 
areas subadjacent to the plasma membrane were found in regions lacking 
caveolae. The Golgi apparatus with stacked cisternae were seen oc- 
casionally. 

The surface membrane had many caveolae (Figures 2 and 3). Many of 
the caveolae could be seen to open into the extracellular space. Some 
of them were also found inside the cytoplasm with no apparent opening 
into the extracellular space. This might be due to the connection being 
out of the plane of section or their presence intracellularly. The 
plasma membrane had the typical three-layered structure approximately 


80 A° in thickness. 


Nerves: The intervening space between bundles of smooth muscle cells 


had many fibroblasts and collagen bundles. The autonomic nerves were 
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Figure 3. A gap junction (arrow) between processes of two smooth 


muscle cells. Magnification x 74,000. 


Figure 4, A gap junction between two smooth muscle cell processes 
at a higher magnification. The 7-layered structure with a central 


gap (small arrows) is evident. Magnification x 147,000. 
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seen in this space. Figure 4 a shows such nerve bundles in the tracheal 
smooth muscle of the dog. Typically these bundles consisted of axons as 
well as the axonal varicosities ensheathed by Schwann cell cytoplasm. 

At some regions, the axonal varicosities were not fully enclosed in or 
were even devoid of the Schwann cell sheath (Figure 4 b). Occasionally, 
nerve bundles or several axons were observed within muscle bundles 
(Figures 5 a and b). The closest distance of the varicosity from the 
smooth muscle cell observed was 1400 A°. 

The varicosities of the nerves contained three types of vesicles 
(Figures 4 b, 5 b and 6), a) small agranular vesicles about 509 - 700 A° 
wide; b) small granular vesicles about 600 - 800 A° wide; and c) 
large granular vesicles about 1000 - 1200 A° wide. Occasionally 
varicosities were seen which could not be classified. Amongst these, 
the agranular vesicles were the most abundant. Suzuki et al (1976) 
have demonstrated with histochemical methods, the presence of acetyl- 


cholinesterase and catecholamine-positive nerve fibres in the canine 


trachealis. 


B. Mechanical response to field stimulation: 


The effects of electrical field stimulation on the motor res- 
ponses of canine trachealis were studied. Field stimulation was 
applied at 10 Hz, 40 V and 0.5 msec pulse duration to stimulate the 
intrinsic nerve endings. To stimulate musclerdipectly, 500Hz, slo 
and 5 msec pulse duration were used. The amplitude of the pulse was 


varied over a wide range, keeping the duration and frequency constant, 
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Figure 4 a. The axons (A) are ensheathed in Schwann cell (S$) cyto- 
plasm. Some of the axons (arrows) are not completely enclosed by 


the Schwann cell cytoplasm. Magnification x 68,000. 


Figure 4 b. Varicosities in the canine trachealis. One varicosity 
(single arrow) has small agranular vesicles (SAV). Two varicosities 
(double arrows) in the profile have both SAV and large granular 
vesicles (LGV). Magnification x 50,000. 


Abbreviations SAV and LGV will be used in Figures 5 a, 5 b and 6. 
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FIgunen sua: A bundle of axons ensheathed in Schwann cell cyto- 
plasm (large arrow) can be seen within the smooth muscle cell 


bundle from canine trachealis. Magnification x 40,000. 


Figure 5 b. A varicosity (large arrow) containing both SAV and 


LGV is seen within the smooth muscle cell bundle. Magnification 


Ke bOO0. 


ude. 


Figure 6. Axonal varicosities in the canine trachealis con- 


taining both SAV and LGV. Magnification x 54,000. 
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and a 15 V pulse was found optimal for direct muscle stimulation. 

Using parameters for nerve stimulation, field stimulation caused 
aie On contraction: the tissue relaxed to. the ‘base-line on turning 
the stimulus off. This contractile response was completely blocked 
by atropine (10-/M) consistent with activation of cholinergic nerves 
by field stimulation. Use of parameters for direct muscle stimulation 
resulted in a contraction whose amplitude was higher than that achieved 
through nerve stimulation. Atropine (lo! M) diminished this contrac- 
tile response, but did not block it. Thus at these stimulus parameters 


both cholinergic nerves and muscle were stimulated (Figures 7 and 8). 


C. Mechanical response to TEA treatment: 

Canine tracheal smooth muscle (from ten animals) incubated in 
vitro in Krebs solution was quiescent. Application of TEA caused the 
tension to rise. There was a lag period between exposure to the drug 
and development of phasic activity. This was dependent on the con- 
centration of the drug used, shorter for higher concentrations of the 
drug (from a few seconds up to one minute for 33 mM; from 2 to 5 
minutes for 3 and 10 mM TEA). The tissues started to exhibit spon- 
taneous rhythmic oscillations of tension, which attained a steady- 
state. Figure 9 shows the responses to 3, 20 and 33 mM TEA. Though 
there was fluctuation of tension, it did not return to the original 
base-line (Figure 10 a). 

The steady-state tension attained was dependent on the concen- 


tration of TEA used. The maximum tension achieved after 33 mM TEA was 


greater than for the other three concentrations. The maximum active 


tension attained in tissues exposed to 10, 20 and 33 mM TEA are given 
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Figures 7 and 8. Mechanical response of the canine tracheal 
smooth muscles to electrical stimuiation. Arrows indicate 
stimulus duration. 

N - using parameters for nerve stimulation: LO V, 0.5 msec and 
LOGHz. 

M - using parameters for direct muscle stimulation: 15 V, 5 msec. 


and 60 Hz. 
Figure 7 - shows mechanical response to electrical stimulation. 
Figure 8 - shows mechanical response to electrical stimulation 


2 minutes after exposure of tissues to 107 M atropine. 


Consult text for description of responses. 
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Figure 9. Mechanical activity of canine trachealis strips to 
3, 20 and 33 mM TEA. Arrows indicate drug additions. Bottom 
trace is continuation of 3rd trace (33 mM TEA response). 4 min 


on top trace indicates time after addition of 3 mM TEA. 


Consult text for details. 
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Figures 10 a and b. 


Figure 10 a. Fluctuation in tension with phasic activity after 


treatment with 33 mM TEA. 


Figure 10 b. Mechanical response to 33 mM TEA after addition of 


-6 
10 “M atropine (arrow). “Note a slight fall in tone. 


Solid lines indicate zero tension for both traces. Time and tension 


calibrations are same for both traces. 


aa, 
b&b 


in Table |}. 
The phasic mechanical activity seen after TEA (3 to 33 mM) treat- 


y > 


ment was not blocked by atropine at concentrations from 10 ’ to 10° 


Opmuby Tix (up to 10°? g /ml). However, atropine diminished the tone 
slightly in these tissues but the tone recovered with time (Figure 10 b). 
Tissues from animals incubated in Ca’ =free Krebs solution containing 
0.5 mM EGTA, when later exposed to TEA, did not show any mechanical 
activity. Mechanical activity could be restored on addition of Cha 

to the medium (to a concentration of 2.5 mM). D-600 (107? M), an agent 
known to block eae entry upon depolarization, completely abolished the 
mechanical activity after TEA treatment. Thus, TEA seems to depend on 
availability of extracellular Ca” for inducing the mechanical effects. 
Kroeger et al .(1975) have shown the lack of effect of atropine on 
mechanical activity and the ability of D-600 to block the response. 
When TEA-containing solutions were replaced with Krebs solution, the 
tension usually fell sharply to the original base-line. Occasionally, 
(2 out of 10 cases) the tissues had to be washed with Krebs solution 


repeatedly to restore tension to base-line after exposure to 33 mM TEA. 
D. Effect of field stimulation on TEA-induced mechanical response: 


When the phasic mechanical activity was established after ap- 
plication of TEA, the tissues (from six animals) were subjected to 
electrical field stimulation. The parameters of stimulation are 
shown in legends to Figures. After treatment with 3 and 10 mM TEA, 
field stimulation caused an increase in tension. When the tone was 


maintained at the higher level (after a few seconds), repeating the 
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TABLE 11 


Maximum Active Tension in TEA-Treated Teste 


no 1 OmM 20mM 33mM 
10 BES) L653) 100% 


ihe maximum active tension attained in tissues treated with 
33mM TEA for one hour was taken as 100% response. This was not 
“the maximum tissue response. 


= 
CN urbe of tissues studied. 


“Values are significantly lower (p < 0.001) than maximum 
response. Response to 10 mM TEA was significantly lower 


(p < 0.001) than the response to 20 mM TEA. 


Values in parentheses are + S.E. 
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stimulation caused a relaxation (Figure 11). When the tissues were con- 
tracted after exposure to 20 mM TEA, field stimulation caused a re- 
Taxation. On turning the stimulus off, tension reached the pre-stimulus 
level (Figure 12). Inability to elicit a ponerse on at larger doses 

of TEA could be due to the fact that the tissue was already at near 
7° 


rt 


maximal tension and only capable of relaxation. Propranolol (1 Guys 
ml) blocked the relaxation to field stimulation in six experiments 
after TEA treatment and the respone consisted of a contraction (Figure 


Gaiml)mtakleameo 


13), suggesting a B-adrenergic mechanism. TTX (Oe 
block the relaxation (in 5 out of 6 experiments) nor did it affect the 


tone. This could mean either operation of a TTX-insensitive mechanism 


or a relative insensitivity of the tissue to this drug. 
E. Gap junctions in control and TEA-treated tissues: 


i) Gap junctions in control tissues: Control tissues incubated 
in vitro in Krebs solution and fixed for electron microscopy contained 
gap junctions. These junctions as seen in thin sections of tissues 
were always located on cell processes. The number of gap junctions in 
control tissues was 3.36 + 0.05 per 1000 um membrane length (Table si) 
The measured diameter of the junctions in these tissues was 0.15 + 
0.05 um. The structure of a typical gap junction seen in thin sections 


is shown in Figure 3. 


ii) Gap junctions in TEA-treated tissues: Four different con- 
centrations of TEA were used in these studies, namely, 3, 10, 20 and 


33 mM. Tissues were incubated at 37° C for one hour and fixed for EM. 
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Figure Th. Electrical field stimulation on the TEA-induced 
mechanical activity of canine trachealis. Arrows indicate 
stimulus duration. The parameters chosen for stimulation are: 


15: Vie 5. seca and sOUsHzZ. 


Figure 12. Mechanical response to electrical stimulation of 
canine trachealis strip after exposure to 20 mM TEA. Arrows in- 
dicate stimulus duration. The stimulus parameters are: 15 V, 


5S msec. and 60 Hz. 


Consul @ text. forideta iis. 


Figurest3. Mechanical response to electrical stimulation of strips 
treated with 20 mM TEA and 107° g /ml propranolol. Stimulus parameters 


arer 40°V, 0.5 msec. and 10 Hz. 


Consult text for description of the responses. 
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The number of gap junctions in these tissues were: 5.35 One 

5.04 + 0.20; 7.4 + 0.40; and 5.69 + 0.19 per 1000 um membrane length 
in 3 mM, 10 mM, 20 mM and 33 mM TEA-treated tissues respectively 
(Table II!). These values were significantly higher than the number 
in control tissues (above). However, their diameters (0.17 + 0.09 um) 
were not significantly different from the control value. The number 
of gap junctions in the various treated groups were not significantly 
different from each other. Thus, a dose-effect relationship on 
structure was not evident. 

Figure 14 shows the size distribution of the gap junctions mea- 
sured from micrographs of control and TEA-treated tissues as a per- 
centage of the total number of gap junctions counted from each group. 
The measured diameters of the gap junctions in control fall in the 
range of 0.04 to 0.24 um. However, about 15% of the gap junctions 
whose diameters were measured from TEA-treated tissues fall in a range 
of 0.24 to 0.28 um. The mean diameters from the two groups were not 
significantly different, as described above. As in control tissues, 
the gap junctions in the treated tissues were typically found between 
cell processes. 

The number of gap junctions in tissues exposed to 33 mM TEA and 
fixed at a time when spontaneous mechanical activity was established 
(10 to 15 minutes) was 5.19 + 0.16 per 1000 um membrane length. This 
value was also significantly higher than the number in control tissues. 
Moreover, there was no significant difference between this value 
and the number in one hour-treated tissues. Thus, the structural 


changes were evident at the time of onset of mechanical activity. 
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TABLESTIa 


Number and Length of Gap Junctions in Control and 


20 and 33-mM TEA-Treated 


Canine Tracheal Smooth Muscle 


He tion Gs" "<< Meraneeatinia melee Seen ee een Length um + SD 

Control 10 160 49,785 536 10005 Oaloer Ons | 

3 mM TEAT 10 278 54,597 5.35 + 0.20. 

10 mM TEA” 10 311 66,251 5.04 + 0.20" 

33 mM TEA 5 146 28,349 paltones tot: 

Onset” : 

1 He? 10 248 49,925 5.69 + 0.19" 0.17 + 0.09" 
20 mM TEA" = 6 80 10,800 7.40 + 0.40" 


N = Number of tissues examined. 


Ae oaber of 5- or 7-layered junctions found in 3 to 5 grid squares (300 mesh) from each tissue scanned. 
6 


Distance = length of membrane (um) of smooth muscle cells cut in transverse section measured from 
photographs of scanned grid squares. 


Veen length (um) of GJ measured from high magnification photographs (+ SD). 
"Tissues were exposed to TEA for 1 hour and fixed for thin section electron microscopy (EM). 


Tissues were exposed to TEA and fixed for EM at a time when spontaneous mechanical activity was 
established (10 - 15 min). 


“Indicates significant differences (p < 0.01) in the mean numbers between TEA-treated and control tissues. 
deere. no significant difference in the mean lengths of gap junctions between TEA-treated and control] 
tissues. 
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Figure 14. Size distribution of gap junctions: the diameters 
were measured from high magnification micrographs of cells. 
Control - diameters of 6] gap junctions are represented in the 
figure. 

TEA-treated - diameters of 58 gap junctions are represented in 


the figure. 
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Discussion 
Gap junctions in the tracheal smooth muscle: 
ee ee ANGE 


The claim that multiunit smooth muscles like the trachealis do not 
have gap junctions is contradicted by the results of this study. Gap 
junctions were regularly seen between smooth muscle cells of the canine 
trachealis (Figures 3 and 4). They could also be demonstrated by the 
freeze-fracture techniques (Chapter V). 

Since our thin section EM studies were performed with tissues in- 
cubated in vitro, it could be argued that the gap junctions formed 
during this procedure. However, | have observed gap junctions between 
smooth muscle cells in tissues fixed in situ through a catheter in the 
left ventricle of the dog. 

Dewey and Barr (1962) used permanganate as a fixative to demon- 
Strate nexuses in smooth muscle. They claimed that glutaraldehyde 
fixative failed to preserve these structures. Use of permanganate as a 
fixative to demonstrate nexuses in smooth muscle has been questioned by 
many investigators. In a correlated thin-section EM and freeze-fracture 
study of different smooth muscles, Daniel et_al (1976) have shown that 
glutaraldehyde fixation results in adequate preservation of these struc- 
tures. Their study also showed that permanganate fixation results in 
formation of nexus-like structures in smooth muscle due to swelling of 
cells. Nexuses were described as 5-layered structures due to the fusion 
of the outer leaflets of the apposing cells by Dewey and Barr (1962). 

On the other hand, nexuses have been shown to be 7-layered structures, 
with a central gap about 2 nm wide using glutaraldehyde fixation and 


en bloc staining with uranyl acetate (Revel and Karnovsky, 1967; and 


Danie] et al, 1976). 


ot cere rite 4 
ae Reet: 


gern 


id 
ton ab. el beeres 2 er ait col seus soe | aril 
youd? ahi to: atuser starve vats theta We 
cdy Ya ete. Saget Moone NasNa se aisha “yinedesa view 2 
b havetizcamty Bt o@fe stuge ywtT Ae ots e aoa, 2 
“ote, OV vegeiere) seyotartsa? 


~ 


dtiw beriotisg shaw edits AE ael save ates pace 


2g e2 t% A 
/ et a 
gt onoionul. ase Ay, Pata Anes 36, htmaad zi cuits 
angel 33a, nso bavyeede svar | panei: sprabsanyy ® 


.- 


+ upto wh bat? shusks af ehfen 


Pe ch sia tos a 
ay ox vive el ella thee vat “i 
pertel) tangy iD 4aay wamiats Nae balsa eee sts 


oe Ste < 
2, J) erenneirst 86 se) \.meaee ania aca oma 

x i : 
vd bono eigaup sed seq Slacym ridcrennal ” uta 
Pp ft ane 


‘ i: P| 


stu loev i eEeeyt ek Me vat nea “pert peacieciie a 
rady Awene eve Tele!) te 16-49 lsined cestaaamngorne 9 
we zea Foldalyavidanag o3 npg a eh {nes oa 
; hiess dalick! + ob eer sens wow ite keane ‘set ca 


rue 


A ' ae 


, 
~ a 
eer ey ere 
ee" i¢ a 


aed 


hwWel) ried tes Vows yd et len biienaas ae 


f 


eorumouage baroyel + gd O2 newts me sit ult 
tne noleaudy os alata why, 


A hea 2 Tee] sheave hae valle oat | 
. oS 
i ai 


™~ 
a 


Cable properties of tracheal smooth muscle: 


Canine tracheal smooth muscle has been shown to exhibit cable 
properties as studied in vitro (Kroeger and erepnenst 1975 and Suzuki 
et al, 1976). The evidence for such comes from the electrophysiological 
studies of these authors. Using the partition-stimulation technique of 
Abe and Tomita (1968), these authors have shown that there is an ex- 
ponential decay of the electrotonic potentials evoked by hyperpolarizing 
current pulses. They also reported a space constant of 1.6 mm for the 
canine trachealis which is many times the length of a smooth muscle 
cell. The space constant value increased to 2.8 mm after treatment 
with 33 mM TEA. Suzuki et al (1976) reported a space constant of 3.2 
mm for the control tissues and a time constant of about 450 msec. 

These parameters were not measured after TEA treatment. However, these 


values are very high compared to values obtained in other smooth muscles. 
Innervation of canine tracheal smooth muscle: 


The studies reported here suggest that there is a cholinergic 
excitatory as well as an adrenergic inhibitory innervation in the 
canine tracheal smooth muscle. Field stimulation of the nerves re- 
sulted in a contraction which could be blocked by atropine. The re- 
laxation seen after electrical stimulation of TEA-treated tissues 
could be blocked by propranolol suggesting a B-adrenergic mechanism. 
The absence of a non-adrenergic and non-cholinergic inhibitory in- 
nervation to this smooth muscle has been previously shown (Suzuki et 


al, 1976). These studies have also demonstrated the presence of 
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cholinergic and adrenergic innervation by histochemical staining for 
acetylcholinesterase and catecholamines respectively. However, there 
seem to be species differences for such an inhibitory mechanism. In 
the tracheal smooth muscle of the guinea-pig, a non-adrenergic inhi- 
bitory innervation was described by Coburn and Tomita (1973), which has 
since been confirmed by others (Bando et_al, 1973; Coleman and Levy, 
1974; and Richardson and Bouchard, 1975). 

The nerve profiles in the canine trachealis contained three types 
of vesicles: small agranular vesicles, some small granular vesicles, 
and mostly large granular vesicles (Figures 4 to 6). The small a- 
granular vesicles are generally considered to be present in cholinergic 
nerves (Burnstock, 1975). Studies also indicate that nerves containing 
noradrenaline have a preponderance of small granular vesicles (Burn- 
stock, 1975). The large granular vesicles have been shown to take up 
and store catecholamines (Tranzer and Thoenen, 1968; and Furness et al, 
1970), but are relatively resistant to depletion by reserpine (Taxi, 


1965; Bloom and Barnett, 1966; and Clementi et al, 1966). 


Effects of TEA: 


The effects of TEA on the generation of conducted action potentials 
have been studied in a variety of smooth muscles where gap junctions 
were reported as absent and which had also been described as belonging 
to the multiunit type. Mekata (1971) reported stable membrane pro- 
perties in the smooth muscle cells of the rabbit common carotid artery. 


The muscle exhibited cable properties as studied in vitro with a space 
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constant of about 1.13 mm and a time constant of about 212 msec. The 
membrane had marked rectifying properties to depolarizing stimuli. 
Application of TEA (34.3 mM) in vitro, caused a depolarization of about 
10 mV and action potentials were produced. ihe current-voltage 
relationship in TEA-containing solution revealed that the rectification 
was completely abolished. The membrane slope resistance, however, 
remained unchanged after TEA treatment. — 

Ito et_al (1970) have eoiyed the effects of TEA on the smooth 
muscle of the guinea pig stomach. The most striking change was an 
increase in the spike amplitude using a double-sucrose gap method. 

TEA caused an increase in the membrane slope resistance and abolished 
the rectifying property of the membrane. | 

In the bovine tracheal smooth muscle, which has stable membrane 
electrical properties, TEA caused depolarization and induction of 
spike activity (Kirkpatrick, 1975). The strong rectifying property 
of the membrane was also abolished by TEA. In the canine tracheal 
smooth muscle, which exhibits characteristics similar to that of bovine 
tracheal smooth muscle, TEA brought about similar changes. In addition, 
Kroeger et al (1975) reported an increase in the sapce constant on 
treatment with TEA, as described earlier. TEA also increased the trans- 
membrane resistance and abolished the strong rectifying property to 
depolarizing stimuli. 

Thus, the effects of TEA on vascular smooth muscle, guinea-pig 


stomach and the tracheal] smooth muscles of the bovine and canine species 
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G . : 8 + 
were consistent with its known action, namely, blocking K. conductance 
leading to decreased rectification and in most cases an increase in 


transmembrane resistance. 


TEA-induced structural effects: 


The number of gap junctions is increased significantly in tissues 
exposed to TEA as compared to the number in control tissues (Table 11/1). 
The resultant increase in the gap junctional membrane area (from 0.05% 
in control to 0.09% in the TEA-treated tissues) could serve to decrease 
the junctional resistance for current flow between the coupled smooth 
muscle Beto The observed increase in the space constant of the TEA- 
treated tissues could thus be a consequence of either an increase in 
the transmembrane resistance or a decrease in the junctional resis- 
tance or both. Implicit here are the assumptions that gap junctions 
act as low-resistance pathways for current flow between smooth muscle 
cells and the space constant is determined solely by values of membrane 


and junctional resistances. 


Gap junctions as pathways for current flow in smooth muscle: 


In smooth muscle, the evidence supporting gap junctions as low- 


resistance pathways for current flow between cells is only circumstan- 


The junctional membrane area was calculated by multiplying the mean 
measured diameter of gap junctions by their mean number per 100 um 


length of membrane. 
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tial, based on the proximity of the apposing membranes (a gap of 2 nm 
separates the outer membrane leaflets) and on the permeability and 
coupling properties of similar contacts between epithelial cells. 
There have been no direct measurements of the resistance of these 
junctions. Indirect estimates of the specific resistance of the nexus 
at the intercalated disc of canine myocardium (Spira, 1971), a structure 
resembling the gap junction of smooth muscle, are however consistent 
with their presumptive role as low-resistance contacts. There is no 
general correlation between the presence of electrical coupling and the 
presence of gap junctions in smooth muscle. Daniel et al (1976) in 
their studies onthe longitudinal smooth muscle layer of the dog intes- 
tine could not demonstrate gap junctions by both thin-section EM and 
freeze-fracture techniques. There is overwhelming evidence for elec- 
trical coupling between the cells in this layer. On the other hand, 
gap junctions could be demonstrated in the main circular layer of dog 
intestine by the same fixation techniques as well as by freeze-frac- 
turing. Recently, in rat myometrium studied in situ (Garfield et al, 
1977) it has been shown that large gap junctions can form rapidly under 
physiological control by hormones, but even prior to the appearance of 
gap junctions the tissues showed evidence of good electrical coupling 
as studied in vitro (Kuriyama et al, 1976 and Lodge and Daniel, 1973). 
The presence of gap junctions in the canine tracheal smooth 
muscle may provide one basis for coupling and their rapid formation 
after TEA treatment could account for a decreased junctional resistance. 
There is a parallelism between the functional changes and the structural 
effects induced by TEA in this smooth muscle suggesting that gap 


junctions could be involved in the changed properties. 
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The mechanism whereby TEA can induce rapid formation of gap 


junctions in canine tracheal smooth muscle is either through de novo 


synthesis of membrane proteins involved in their assembly or through 
aggregation of pre-existing membrane proteins by accretion to 
structures recognized as gap junctions in thin sections. These pos- 
sibilities are considered in Chapters IV and V. 

The changes in the biophysical properties of canine trachealis 
upon TEA treatment could result from its effect on blocking K* con- 
ductance; increasing the transmembrane resistance; abolishing the 
rectification and/or from its ability to increase the number of gap 
junctions leading possibly to a decreased junctional resistance. The 
ability of a simple chemical agent to increase the number of gap 
junctions rapidly and reproducibly suggests its use as a tool to pro- 
vide more direct evidence about the role of gap junctions in cell-to- 


cell coupling of smooth muscles and possibly in other tissues. 
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CHAPTER I11 


EFFECTS OF 4-AMINOPYRIDINE ON 


CANINE TRACHEAL SMOOTH MUSCLE 
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CHAPTER 111 


Introduction 


TEA induces spontaneous electrical and mechanical activities in 
the canine tracheal smooth muscle in vitro (Chapter 11). The effects 
of TEA were interpreted as being consistent with its known action 
namely, blocking K conductance in smooth muscle (see Chapter !1). 

From the results of the structural studies reported in Chapter Il, it 
was concluded that the functional changes brought about TEA in tra- 
cheal smooth muscle could arise not only from its effect on blocking 
potassium conductance but also from its ability to induce formation of 
gap junctions. 

The compound 4-Aminopyridine (4-AP) has been shown to block se- 
lectively potassium channels of cockroach giant axons, squid axons 
and a variety of other excitable membranes (see Discussion). Although 
the selectivity of action of 4-AP has been established, its site and 
mode of action resulting in potassium conductance blockade has been 
shown to differ from those of TEA. In the light of such differences, 
| wanted to test if 4-AP was also capable of bringing about a con- 
version from the multiunit to the single-unit state of canine tracheal 
smooth muscle in vitro with the attendant structural changes. The 
effects of 4-AP on smooth muscle have not been investigated to date. 

The objectives of the present investigation were: 

i) To test if 4-AP was capable of inducing phasic mechanical 


activity in tracheal smooth muscle in vitro; 
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ii) If so, to establish the dose-response relationship and the 


time-course of action; 


iii) To test effects of electrical stimulation.in the presence 


of 4-pP; 


iv) To test if this compound was capable of inducing formation of 


gap junctions; 


v) To test if the structural changes can be prevented by blocking 


the mechanical effects induced by 4-AP. 


Materials and Methods 


Tissue preparation: Tracheal smooth muscle strips were obtained from 
dogs using the methods described in Chapter I! and mounted in a 20 ml 


organ-bath at 37° C to record isometric tension. An initial one g 


tension was applied to all tissue strips. 


Dose-response relationship to 4-AP: Three concentrations of 4-AP 
were used in these studies, 1, 3 and 10 mM. After incubating for | hour 


the tissues were fixed for electron microscopy (see Chapter I1). 


Time-course of 4-AP effect: Two concentrations were chosen, | and 10 
mM. Tissues were fixed for electron microscopy at a time when phasic 


mechanical activity was established (10 to 15 minutes) and one hour 


after addition of the drug. 
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SOLUTIONS: 4-AP was dissolved in water and the pH of this solution 
was adjusted to 7.4 with 0.1 N HC! to give a final concentration of 
0.) M. This stock solution was diluted with Krebs solution to achieve 
the desired bath concentrations of 1, 3 and 10 mM. The Krebs solutions 
containing the different 4-AP concentrations were prepared by replacing 


an equimolar amount of NaCl with the drug. 


Electrical stimulation: Field stimulation was achieved through a pair 
of platinum electrodes placed concentricaily around the tissue strips, 
attached to a Grass Stimulator, Model $9. Both nerve and direct 
muscle stimulations were obtained by varying the stimulus parameters 


(see Methods in Chapter 11). 


Electron microscopy: Tissues were fixed after the necessary incu- 
bation period and processed for electron microscopy as per Methods 


described in Chapter Il. 
Quantitation of gap junctions: The gap junctions between smooth 


muscle cells in thin sections of tissues cut in transverse orientation 


were quantitated as already described in Methods, Chapter Pies 
Results 

Effects of 4-AP on isometric tension in the canine trachealis: 
HieeG Un Onn tonrmeOn esOnechtC LenS) CO) 


Tissues incubated in Krebs solution failed to show any mechanical 


response (Chapter II). On adding solution containing 4-AP, the tension 
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rose almost immediately. There was no indication of a lag period be- 
tween addition of the drug and the onset of mechanical response (to 
concentrations 1, 3 and 10 mM 4-AP). This was in contrast to the 
effects seen with TEA. The tension reached a steady value and the 
tissue started to exhibit spontaneous rhythmic contractions. The tone 
fluctuated, but it did not reach the original base-line (Figure 15). 
Upon addition of Krebs solution, the tension fell sharply to the base- 
line. Some tissue strips which were exposed to 10 mM 4-AP had to be 
washed repeatedly with Krebs solution to restore base-line tension. 
Tissues from seven animals were studied. 

The maximum active tension attained after addition of 4-AP was 
dose-related, being higher for larger doses. Phasic activity was seen 
consistently with 3 and 10 mM 4-AP. With 1 mM 4-AP, phasic activity 
was not discernible on the trace in some strips. The response, when 
present, consisted of a steadily increasing tone which reached a 
steady-state and remained unchanged thereafter. 

Table IV shows the maximum active tension attained after exposing 
the tissues to the three 4-AP concentrations. The maximum tension 
attained with 10 mM 4-AP was taken as 100%. The results from eleven 


experiments (33 strips) are included in this study. 


Electrical stimulation of tissues: 


The effects of electrical field stimulation on the mechanical 
response induced by 1, 3 and 10 mM 4-AP were studied in tissues from 
sist animals uathe mechanical eftects are tilustrated in Figure 16. 


When the isometric tension reached a steady-state level after 
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TABLE IV 
Maximum Active Tension in 4-AP-Treated see 


1m 


WW 


mM 10 mM 


at 


33 BOO M3235), Neo h (340) 100% 


ap . e . ° > . 
The maximum active tension attained in tissues treated 


with 10 mM 4-AP for one hour was taken as 100% response. 
'Twumber of tissue-strips from 11] animals. 


“Values are significantly lower (p < 0.001) than maximum 


response. 


Maximum response to | mM 4-AP are significantly lower 


(p < 0.01) than response to 3 mM 4-AP. 


Values in parentheses are + S.E. 
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Figure 15. Fluctuation of tension with phasic mechanical activity 


of canine tracheal smooth muscle strip treated with 10 mM 4-AP. 


Figure 16. Electrical field stimulation of trachealis strips after 
treatment with 1, 3 and 10 mM 4-AP. Stimulus parameters are: 15 V, 5 
msec. and 60 Hz. Arrows indicate stimulus duration. Consult text 


for the nature of the mechanical responses. 
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application of 4-AP, the tissues were stimulated electrically. . After 
treatment with 1 mM 4-AP, field stimulation of either nerves or direct 
muscle stimulation resulted in an increase in tone, during the period 
the stimulus was applied. The tension Parurned to the pre-stimulus 
level when the stimulus was discontinued. After treatment with 3 and 
10 mM 4-AP, field stimulation caused a relaxation during the stimulus 
duration. On turning the stimulus off, the tension was restored to 
the pre-stimulus level. The relaxation seen after 10 mM 4-AP was 
larger in amplitude than that seen after 3 mM 4-AP treatment. The 
maximum active tension, as shown above, was also higher with 10 mM 
4-AP than with 3 mM 4-AP. This suggests that the magnitude of re- 
laxation after field stimulation is related to the basal tone in the 
preparation. 

This relaxation was blocked by propranolol (10° M) suggesting 
that as with TEA a ®B-adrenergic response to released amines. The 
failure to elicit a contractile response to field stimulation after 
3 and 10 mM 4-AP could be due to the muscle response being at near 
maximal level. This was true in tissues exposed to higher concen- 


tratiens.of gleAe(Chapter, Ll, Results, section), 
Effects of atropine on 4-AP-induced mechanical response: 


The initiation of phasic mechanical activity in the canine 
trachealis by TEA is not blocked by atropine suggesting that the 
effect is not dependent on the release of acetylcholine from the in- 
trinsic nerve endings (Chapter I], Results). The phasic activity in- 


duced by 4-AP could be the result of either release of transmitter 
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From the nerves or a direct effect on the smooth muscle cell membrane 
to block potassium conductance or both. In order to distinguish between 
these possibilities, atropine, a muscarinic cholinergic blocking agent, 
was used. | 

Tissues were exposed to 4-AP (1, 3 and 10 mM) and when phasic 
mechanical activity was established, atropine was added to the bath 


7 to 10° M): “The phasic as well 


(to reach a final concentration of 10° 
as the tonic responses were completely abolished by atropine (Figure 
17) (n = 4). Tissues were also preincubated with the same concen- 
trations of atropine for 10 minutes and later exposed to the three 
concentrations of 4-AP. Mechanical activity was not seen in any of 
these tissues (n = 4). 

After atropine treatment, field stimulation of nerves failed to 
elicit any response. When the duration of the pulse was increased 
(from 5 msec up to 50 msec), field stimulation caused a contraction 
during the stimulus duration. The tension reached the base-line on 
turning the stimulus off. Phasic mechanical activity could not be 
initiated in these tissues by electrical field stimulation. 

These findings suggest that the 4-AP-induced mechanical effects 
are due to release of acetylcholine from the nerve endings. If so, 
external application of acetylcholine must elicit a phasic mechanical 
response, simulating the actions of 4-AP. However, application of Ach 
on to 10 / gm/ml) caused only a sustained increase in the tone of 
the tissue, with no evidence of a phasic component. It is 
difficult to explain the initiation of phasic activity solely by re- 


lease of transmitter from nerves. The tone in the tissues after 4-AP 


treatment could be due to the released transmitter. Raising the tone 
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Figure 17. Mechanical response of canine tracheal smooth muscle 


Strip after exposure to 10 mM 4-AP. Arrow indicates addition of 


nN 


10 ~ M atropine. 


Consult text for the nature of the mechanical response. 
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with field stimulation of muscle in atropine-treated tissues also 
failed to initiate phasic activity. This tends to rule out the depen- 


dence of phasic response on tone. 


Gap junctions in 4-AP-treated tissues: 


Dose-response relationship on structure: 
ee eee eee Ve eR OSes OUNCE rE. 


The effect of treatment in vitro for one hour with two different 
concentrations of 4-AP (1 and 10 mM) on the number of gap junctions in 
the canine tracheal smooth muscle was studied using electron micros- 
copy. The number of gap junctions seen as 5- or 7-layered structures 
with a central 2 nm gap in thin sections of tissues cut jin cross- 
sections was counted. The number of gap junctions in control tissues 
was 3.82 + 0.12 per 1000 um length of membrane. The number of gap 
junctions in tissues treated with 1 mM 4-AP was 8.11 + 0.33 per 1000 
um membrane length. The number of gap junctions in 10 mM 4-AP-treated 
tissues was 10.80 + 0.45 per 1000 um membrane length. The latter two 
values were significantly higher (p < 0.01) than the value in control 
tissues (Table V) but not from one another. As in TEA-treated tissues, 
the gap junctions were typically found between processes connecting 


two smooth muscle cells. 


Time-course of 4-AP effect on structure: 


Two concentrations of 4-AP were chosen for this study, namely, | 


and 10 mM. Tissues were fixed after exposure to 4-AP at a time when 
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TABLE V 


Number of Gap Junctions in Control and 1 and 10 mM 4-AP- 


Treated Canine Tracheal Smooth hie cle | 


n No. GJ Distance (um) GJs/1000 um + SD 

Control 7 110 28,944 3. 020rai0 2 

| mM 4-AP 

Onset 3 136 17,643 7.71 + 0.25" 

1 Hour 7 210 25,911 Beliaa 0.338 
10 mM 4-AP 

Onset 3 114 11,801 gn72: 4) 030" 

| Hour 6 315 29,032 10.80 + 0.45" 
TResults and experimental design as in Table III. 


“Values are significantly higher (p < 0.05) than values in 


control tissues. 
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spontaneous mechanical activity was established (10 to 15 minutes after 
addition of the drug) as well as one hour after addition of the drug. 
The number of gap junctions in tissues fixed at 10 - 15 minute and one 
hour after exposure to 4-AP (1 mM) respectively was: 7.71 + 0.45 per 
1000 um membrane length and 8.11 + 0.33 per 1000 um membrane length. 
The number of gap junctions in tissues fixed at 10 - 15 minute and one 
hour after exposure to 10 mM 4-AP respectively was 9.72 + 0785. pesmnl-000 
yum membrane length and 10.80 + .045 per 1000 um membrane length (Table 
V). These values were significantly higher (p <0: Ol) tthan athe: values 
in control tissues. There was no significant difference between values 


in 10 - 15 minute and one hour treated tissues (p > 0.05). 


Effects of atropine on 4-AP-induced formation of gap junctions: 


7 


Tissues were treated with 10 / M atropine for 15 minutes and later 
exposed to either 1 mM or 10 mM 4-AP for one hour and processed for 
electron microscopy for determining the number of gap junctions. The 
mean number of gap junctions in control tissues was 4.32 per 1000 um 
length of membrane and in tissues treated only with atropine was 3.3 
per 1000 um length of membrane. Tissues treated with 1 mM and 10 mM 
4-AP for one hour had respectively 8.35 and 15.68 per 1000 um membrane 
length. These latter values were significantly higher (p < 0.01) than 
the number in control or atropine-treated tissues. Tissues pretreated 
with atropine for 15 minutes and later exposed to | mM or 10 mM 4-~AP 
also had significantly greater number (p < 0.01) than in control or 


atropine-treated tissues (8.08 & 5.88/1000 um length of membrane in | & 


10 mM 4-AP tissues respectively). These latter values, however, were 
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slightly less than in the corresponding non-atropine-treated tissues 


(Table VI), but not significantly different (p > 0.05). 
Effects of acetylcholine on gap junction Pocmation: 
ee ee ee) NNO ne On gap Junction rormat ron 


The number of gap junctions in tissues from four animals treated 
with acetylcholine cio / M) for one hour was determined. The mean 
number in control tissues was 4.20 per 1000 um and in Ach-treated 
tissues was 3.50 per 1000 um membrane length. The latter value was not 
significantly different (p > 0.05) from the control value. 

Figure 18 shows an electron micrograph of smooth muscle cells cut 
in transverse orientation in a thin section of 4-AP-treated tissue 
fixed one hour after addition of the drug. The smooth muscle cells have 
very irregular shapes and two gap junctions can be seen at points in- 
dicated. The surface membrane as well as the cytoplasmic organelles 
are preserved well. In Figure 19, the Golgi apparatus can be seen to 
have a swollen appearance in two of the cells. This swelling of Golgi 
cisternae is a consistent feature in tissues treated with 4-AP. No 
such changes were seen with TEA. Some smooth muscle cells show vacuo- 
lation after 4-AP treatment. This was evident in some of the nerve 
bundles in such tissues. Figure 20 shows one such nerve bundle showing 
vacuolation of the Schwann cell cytoplasm. 

These results suggest that rapid formation of gap junctions still 
occurs when the mechanical activity induced by 4-AP is blocked by atro- 
pine. Treatment with Ach does not result in an increase in the number 
Of gap junctions. Thus, the ability of 4-AP to induce gap junction 


formation in the canine tracheal smooth muscle is not dependent on a 
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TABLE VI 


Effect of Atropine on the Number of Gap Junctions in 4-AP-Treated Canine Tracheal Smooth Muscle 


(Number of Gap Junctions/1000 um Membrane Length) 


Expt. No. Control Control + Atr. 1 mM 4-AP 
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4a] 
6.4 


359 6.9 
55 Zz 10.9 
269 1059 
ez br. 2 


35350 6535 


1 mM 4-AP + Atr. 


4.6 
8.5 
726 
a a 


10 mM 4-AP 
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10 mM 4-AP + Atr. 
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Values are significantly higher than (p < 0.05) values in control and control + atropine- 


treated tissues. 


The significance of the differences in the mean values of individual 


experiments was analyzed using an unpaired t Test. 


Consult the text for the experimental design. 


Results are analyzed as per methods described in Table bl 
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Figure 18. Smooth muscle cells from canine trachealis in cross- 
section. The field shows cells from tissues fixed after treatment 
with 10 mM 4-AP for one hour. Two gap junctions (arrows) can be 


seen. Magnification x 30,000. 
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Figure 19. Smooth muscle cells from tissues fixed after treatment 
with 10 mM 4-AP for one hour. The Golgi cisternae (G) in two cells 
are swollen with myelin figures. Arrow-heads - gap junctions. 


Magnification x 30,000. 
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Figure 20. Nerve fibres in canine trachealis muscle fixed after 
treatment with 10 mM 4-AP for one hour. Extensive vacuolation of 


the Schwann cell cytoplasm is evident. Magnification x 38,000. 
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cholinergic component of action. 


Discussion 


The compound 4-AP acts as a convulsant in the nervous systems of 
vertebrates (Le Meignan toa. § 1 960) tand raveltcuratee (Pelhate et al, 
1972). Orn the single axons of the cockroach, 4-AP has been shown to 
prolong the falling phase of the spike and to reduce the delayed rec- 
tification (Pelhate and Pichon, 1974). On external perfusion of the 
giant axon of cockroach, 4-AP reduces the delayed (potassium) current 
under voltage-clamp conditions. This reduction of potassium current 
was found to be reversible and independent of the membrane potential. 
Experiments with high K solutions indicate that 4-AP is effective re- 
gardless of the direction of K current flow. On the basis of these 
effects it was concluded that 4-AP was a very selective blocker of 
potassium conductance in cockroach axons and was shown to be about 
2000 times more potent than TEA. 

The selectivity of block of potassium channels by 4-AP has been 
tested in studies on the axons of squid (Meves and Pichon, 1975 and Yeh 
et al, 1976 a and b) and Myxicola (Schauf et al, 1976) and the frog 
node of Ranvier (Wagner and Ulbricht, 1975). In the giant axon of the 
squid (Yeh et al, 1976 a and b) have shown that, in addition to reducing 


potassium currents, 4-AP and its analogues exhibit voltage-, time- and 


frequency-dependent characteristics. Similar effects were observed in 


the frog node of Ranvier (Wagner and Ulbricht, 1975). 


In the squid axon, TEA is also known to reduce the current through 


potassium channels suggesting an overt similarity to the action of h-AP, 


A ; : : ¢ 
There are, however, several differences in the mechanisms of action o 


4-AP and TEA in the squid giant axon as exemplified by the following 
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observations: 


i) TEA is effective only when internally perfused. On the other 
hand 4-AP is effective either from outside or from the inside of the 


membrane; 


ii) TEA has no effect on the membrane potential, but prolongs 
the action potential duration considerably. Aminopyridines, on the 
other hand, depolarize the membrane giving rise to repetitive firing 
of action potentials, but their effect on the duration of action po- 


tential is minimal; 


iii) When the membrane is depolarized to a greater extent under 
voltage-clamp conditions, the block induced by aminopyridines is 
relieved. Asimilar effect is seen when the pulse duration is increased. 
The TEA-induced block under these conditions is accentuated. According 
to the kinetic model proposed by Yeh et al (1976 a and b), aminopyri- 
dine molecules are assumed to interact with K channels by binding to 
sites in the channel. At larger depolarizations, when the K channels 
remain open, result in the release of aminopyridine molecules from the 
channels. This results in removal of 4-AP block of K current. TEA, on 
the other hand, is assumed to bind when the channels remain open and 


such depolarizations tend to increase the block of K channels. 


iv) Aminopyridines are effective in reducing both the inward and 


the outward K currents as has been shown for the cockroach giant axon, 


while TEA can only block the outward K current. 
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v) For the TEA-induced block to take place, the K channels are 
required to be open (Armstrong, 1966). This results in relief from 
4-AP-induced block. 

The effect of 4-AP on adrenergic transmission in the vas deferens 
of the rabbit has been studied by Johns et al (1976). It was shown that 
this compound potentiated the responses to transmural stimulation. 
Although the precise mechanism was not determined, it seemed that the 
effect might be due to an increased transmitter release, possibly by 
prolonging the duration of the nerve action potentials. 4-AP was 
also shown to be more potent than TEA in this effect. 

In the canine tracheal smooth muscle, 4-AP induced phasic mecha- 
nical activity. The onset of action was almost immediate. The response 
consisted of a steadily increasing tone which reached a plateau where- 
upon the tissue started to exhibit rhythmic contractions. As shown in 
the Results, the maximum active tone was dependent on the dose of the 
drug employed (Table !V). Atropine ao! M) blocked the tonic as well 
as the phasic components of the response. The atropine-treated tissue 
was not capable of phasic activity even when the tone was raised by 
electrical stimulation using long duration pulses. 

The results with exposure of the tissues to Ach revealed that the 
activity consisted of a sustained increase in tone. Stephens and 


icati LGatetontOe cH) 
Kroeger (1970) have shown that application of Achy (LOaisto 


caused dose-dependent tonic contractions and a myogenic response to 


quick stretch could not be elicited. The tonic phase of the mechanical 


response after application of 4-AP could be due to release of Ach from 


the intrinsic nerve-endings, but the basis of the phasic component on 


such a mechanism is difficult to explain. It will be of interest to 
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study the ability of 4-AP to cause a myogenic response in tracheal 
smooth muscle. Since myogenic response can only be initiated in 
tissues exposed to agents which result in blockade of K conductance, 
this will serve to confirm the mechanism of action of 4-AP. Electro- 
physiological studies are also needed to resolve this question. 

The possibility remains that, in addition to releasing excitatory 
transmitter from nerves, 4-AP also has a direct smooth muscle effect 
resulting in blocking K conductance. The number of gap junctions in 
tissues exposed to atropine followed by 4-AP was still higher than in 
untreated control tissues, but lower than in the drug-treated tissues. 
This slight reduction could have been due to elimination of a choli- 
nergic component of the response or absence of mechanical activity. 
However, treatment of tissues with acetylcholine did not result in in- 
creased gap junction formation. Thus, an involvement of a cholinergic 
component of 4-AP effect on gap junction formation seems to be un- 


likely in this tissue. 
Comparison of 4-AP and TEA effects on the canine trachealis: 
Pe ocienoOne Ole t ne cane VEANLerr eels On te 


i) Both these compounds are capable of inducing phasic mechanical 
activity in this smooth muscle. With 4-AP, the effect was rapid in 
onset, but with TEA there was a lag period after addition of the 


drug. 


ii) The effects of electrical field stimulation on the 4-AP- 


induced mechanical response was also similar to those seen with TEA. 
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iii) Atropine blocks both the tonic and the phasic components 
of the mechanical activity induced by 4-AP whereas it has no effect on 
the TEA-induced phasic activity. Atropine does diminish the tone after 


TEA treatment, but the tone recovers with time. 


iv) The ability to induce increased formation of gap junctions is 
shared by both compounds. The effects are rapid in that increased gap 
junction formation takes place within 10 to 15 minutes after exposure 
of the tissues to the drugs. The number of gap junctions in 4-AP- 
treated tissues is consistently higher than in tissues treated with 
TEA. Atropine does not block gap junction formation by 4-AP; 


gap junction formation is not sufficient to induce phasic activity. 


v) Tissues treated with 4-AP consistently showed swelling of 
the Golgi cisternae as well as vacuolation of the cytoplasm. Such 
changes were also seen in the nerve bundles in the tissues. Such 


changes were not seen in tissues treated with TEA. 


eae ae leeds ADE, 
21 GR, sized sag) a tat, enh lina 83% 


te Shay oft dado, eae, antigo, ‘ Ren we ates . 
. sonhy Nee ict seh, 68t) Sud 28 

ay irl i. 

AGT. Gee Foy te ae baiclstile erry ¢4 Wei Lidee ‘ 2 Wy 
ctradt. xeds Alb igat ete ee aa donvoam 4x 
saouee Neste aeeaimlel O71 et enfity ti, soot sees, hss a 
qi-i ef endesined qep ae Ss acu any eat ota ot 
seugel? peng said wane stan ai 
Laat ve) nes demas eahists Ae, ioeha a oom 


ane 
i bw top olepi), Aomori ies, det tien don, Phin 


a 
oy 0 


ie 
i 


rt igwe bewet | apnoea a 


nut  .mael@oty¥s ait 4a adlsaneuaee ee thew a 


ey. 


isi? .esee td aed nl apt aya ai mi ase oe mt ne 


AST dadiw bedaean? ests ia ad 


CHAPTER IV 


EFFECTS OF CYCLOHEXIMIDE ON TEA- AND 


4-AP-INDUCED FORMATION OF GAP JUNCTIONS 
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CHAPTER IV 


Introduction 


From the results of the studies reported in the previous chapters, 
it is evident that potassium conductance blockers like TEA and 4-AP 
induce spontaneous phasic mechanical activity in vitro in the canine 
tracheal smooth muscle. The structural studies revealed that the 
number of gap junctions in tissues exposed to TEA and 4-AP was in- 
creased significantly as compared to untreated control] tissues and 
this increase was evident as early as 10 minutes after addition of the 
drugs. When the phasic mechanical activity induced by 4-AP was abo- 
lished by atropine pretreatment, the number of gap junctions appeared 
to diminish, suggesting a relationship between acetylcholine release, 
induction of spontaneity and formation of gap junctions. However, 
factors other than acetylcholine release must also have been involved 
since atropine did not reduce the number of gap junctions to control 
levels and atropine had no effect on either the spontaneous activity 
or the increase in gap junctions by TEA treatment. Also treatment of 
tissues with acetylcholine did not result in an increase in the number 
of gap junctions either. 

In vitro formation of gap junctions has been studied in a variety 
BrRexeLLeE Goastwell ascnon-excitable’cell systems (See Di Scusston]- 


In some of these experiments inhibition of protein synthesis did not 


inhibit gap junction formation. Thus in some cells de novo protein 


synthesis is not necessary for gap junction formation, Witt) CMe eT oe 


it is required for junction formation. 
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Since TEA and 4-AP consistently and rapidly increased the number 
of gap junctions in vitro in canine trachealis, studies were under- 
taken to investigate the dependence on protein synthesis of this out- 
come. Cycloheximide (CHX), a protein synthesis inhibitor, was used in 
these studies. Incorporation of radioactive leucine into TCA-insoluble 
fraction was aeeenene as an index of de novo protein synthesis in 
canine trachealis and the ability of different concentrations of CHX 


tO sfnhi bits it. 
Materials and Methods 
Tissue preparation: 


Strips of canine tracheal smooth muscle tissues were obtained as 
per methods described in Chapter ||. The tissues were allowed to 


recover in Krebs solution at 37° C for one hour before the experiments. 


ote teuciac incorporation studies: 


After the recovery period, the tissue strips were incubated in 
Krebs solution at 37° C containing 0.25 umoles of ey i eictne of specific 
activity 50 Ci/mmole for one hour. The solution was bubbled with a 
- 5% CO,. At the end of the incubation period, an 


2 Z 


equal volume of Krebs solution containing 5 mM leucine (final leucine 


mixture of 95% 0 


concentration 2.5 mM) was added. The tissues were homogenized by a 


Polytron tissue homogenizer (20 second cycies x 4) and the homogenate 


spun at 4000 x g in a Sorvall centrifuge. The supernatant was taken 
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as the starting material. Protein content of the Supernatant was 
estimated by the Lowry et al (1951) method. 

An equal volume of 10% TCA was added to the supernatant and spun 
in a table-top centrifuge for 20 minutes. The precipitate was washed 
twice with TCA and digested with 0.5 ml of 0.4 N KOH at 65° C for 5 
minutes. To this digest, 3 ml of 10% TCA was added and centrifuged 
for 20 minutes. The pellet was washed once with 10% TCA and spun. 
The resulting pellet was washed successively with 1:1] mixture of 
ethanol:ether, followed by ether and dissolved in NCS tissue solu- 
bilizer. A 0.2 ml aliquot of the NCS-dissolved pellet was plated in 
a scintillation vial to which 10 ml of Bray's solution was added and 


counted in a Beckman Scintillation counter 
Effect of CHX on 3y-leucine incorporation: 


The tissue strips were preincubated in Krebs solution at 37° C 


3 


containing 1 or 5 mM CHX for 30 minutes before addition of ~H-leucine 


and processed for counting of radioactivity as described above. 


Expression of results: 


Results were expressed as cpm/mg protein in. the LOQ00 x g super- 


natant. 
Mechanical studies: 


Isometric tension was monitored 


*n tissues mounted vertically ina 
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20-ml organ-bath by attaching one end to a Grass-FT03 force transducer 
as described in Chapter I!. Six tissue strips were used in each ex- 
periment: and were treated as follows: 1) control strip incubated in 
Krebs solution for one hour; 2) strip incubated in CHX (5 mM) for 90 
minutes; 3) strip exposed to 20 mM TEA for one hour; 4) strip pre- 
incubated for 30 minutes with 5 mM CHX and later exposed to 20 mM TEA- 
containing solution with 5 mM CHX for one hour; 5) a strip incubated 
with 10 mM 4-AP for one hour; and 6) a strip preincubated for 30 
minutes with 5 mM CHX and later exposed to 10 mM 4-AP solution con- 


taining 5 mM CHX for one hour. 


Electron microscopy: 


At the end of the incubation period, the muscle strips were fixed 


for electron microscopy as described in Chapter Il. 


Quantitation of gap junctions: 


The number of gap junctions in thin sections of tissues cut in 


cross-section was determined as mentioned in Chapter Il. 


Results 


A. 2H-Leucine incorporation into TCA-insoluble fraction of canine 
tracheal smooth muscle: 


Incorporation of 34-leucine into TCA-insoluble fraction was 
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measured. Table VII summarizes the extent of incorporation in tissues 
From five dogs and the effects of CHX (I and 5 mM) treatment. Tissues 
preincubated with 1 mM CHX for 30 niin before addition of radioactive 
leucine showed only a 35 - 52% inhibition of eaten synthesis. In 
later experiments, a concentration of 5 mM CHX was used. This dose 
resulted in about 95% inhibition of pees ae incorporation. In 
studies dealing with the effect of inhibition of de novo synthesis of 
protein on TEA and 4-AP-induced formation of gap junctions, a con- 


centration of 5 mM CHX was used. 
B. Mechanical effects: 


lsometric tension was recorded in tissues from six animals. In- 
cubation of tracheal smooth muscle strips in either Krebs solution or 
solution containing 5 mM CHX did not elicit any mechanical activity 
during the incubation period of 90 minutes (Chapters II and I11). 

Tissues treated with 30 mM TEA or 10 mM 4-AP after a 30 minute 
preincubation in Krebs solution showed phasic mechanical activity 
(Chapters Il and 111). 

Tissue strips from three animals preincubated with 5 mM CHX- 
containing Krebs solution for 30 minutes and later exposed to either 


20 mM TEA or 10 mM 4-AP for one hour showed spontaneous rhythmic 


mechanical activity. However, tissue strips from three other animals 


failed to show any mechanical response when treated in the same manner. 
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TABLE VII 


Effects of Cycloheximide (CHX) on TE aia Incorporation 
eC INE. ANCOTporatlon 


into the TCA-Insoluble Fraction of Canine Trachealis. 
ee a NE ACE 1S: 


Control 1] mM CHX 5 mM CHX 

cpm/mg protein 12,452 6 ,000 700 
T Hegre 8,200 1,150 

" 20,809 10,100 1,250 

i 175231 7,200 550 

r 6,500 2,570 145 


SS ES PSS SRS terete 


% incorporation 4] eo +269 Da) tee aS 
of control 


“Consult text for experimental design. 


Results from five experiments are given. 
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C. Effects of CHX on structure: 


i) General appearance: Treatment with CHX resulted in structural 
damage to smooth muscle cells. Figures 2] and 22 show a group of smooth 
muscle cells from tissues fixed after treatment with 5 mM CHX. Figures 
23 and 24 show smooth muscle cells from tissues treated with 5 mM CHX 
and either 20 mM TEA (Figure 23) or 10 mM 4-AP (Figure 24) from the 
Same animal. The damaged cells were stained less than normal cells. 
The surface caveolae were few in number and in many cells were absent. 
The surface membrane continuity was lost in many of the damaged cells. 
There were many cytoplasmic vacuoles and the myofilaments were dis- 
rupted. Many of the mitochondria observed were severely damaged and 
those seen were in orthodox configuration. Gap junctions were not seen 
either between the damaged cells or between one of these and the 
neighbouring healthy smooth muscle cells.. The damaged cells had a 
swollen appearance. They were typical ‘'light'' cells as recently 
described in the rat myometrium seen after metabolic inhibition or 
mechanical damage (Garfield and Daniel, 1976). 

The extent of such damage, as judged by the proportion of 
damaged cells, was determined in tissues which showed a mechanical res- 
ponse to TEA or 4-AP after preincubation with 5 mM CHX as well as in 
those which failed to show any mechanical activity. Table VII] sum- 
marizes the quantitative aspect of damage induced by CHX treatment in 
the tracheal smooth muscle. 

The damaged cells were not traced for measurement of the membrane 


length when estimating the number of gap junctions per unit length of 


membrane (see ii) and iii) below). 
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FigureszZis. Low-magnification view of smooth muscle cells from 
tissues fixed after exposure to 5 mM CHX for 90 minutes showing 
extensive structural damage to the cells. Magnification x 6,800. 


L - Light cells in both figures. 


Figure 22% Low-magnification view of smooth muscle cells from 
tissues fixed after exposure to 5 mM CHX for 90 minutes, but the 


extent of damage is less in this tissue. Magnification x 6,800. 
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Figure 23. Smooth muscle cells from canine trachealis muscle 
fixed after pretreatment with CHX (5 mM) for 30 minutes and later 
exposure to 20 mM TEA + CHX for one hour. Magnification x 22,000. 


Lyeniichtace lis. 


Figure 24, Smooth muscle cells from canine trachealis muscle 
fixed after pretreatment with 5 mM CHX for 30 minutes and later 
exposure to 10 mM 4-AP + CHX for one hour. Magnification x 
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G - Golgi cisternae. 
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TABLE VIII 


Number of !'Light'' and Normal Cells in CHX-Treated Canine Smooth Muscle 
p se EES Sb AT LLeated) Caninegsmooth Musale 


i Total No. of Coie Normal Cells Light! Celts ebight! Cells. ag 7 ar tata | 
b ie) 

3 738 418 320 43% 

Zo 1366 1177 189 13% 


i Pheese gachs of smooth muscle cells cut in cross-section were taken from one grid-square 
from each tissue at a magnification of 1900 and printed 3 times enlarged. The number of 


light'' cells and cells stained normally was counted from the photographs. 


a : : 
Number of tissues studied. 


ewhere mechanical activity to 4-AP and TEA was abolished after preincubation with 5 mM CHX. 


“Where mechanical activity to 4-AP and TEA was seen after preincubation with 5 mM CHX. 


Design of experiments is in the text. 
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Effect of protein synthesis inhibition on formation of gap junctions: 
Oe corn Formation of gap junctions 


ii) Number of gap junctions in control tissues: The mean number 
of gap junctions in control tissues ranged from 3.77 to 3.9 per (1000) um 
length of membrane. There was no significant difference ({p > 0.05) 
between these values and the number in tissues treated with 5 mM CHX 
alone for 90 minutes (the range was 2.9 to 3.8 per 1000 um pereeane 
length) (Table IX and X). In calculating these values, the membrane 


length of light cells were excluded from the measurements. 


iii) Treated tissues: ln the determination of the number of gap 
junctions after TEA and 4-AP treatment, the experiments were divided 
into two groups: a) those jnwhich phasic mechanical activity was 
abolished after preincubation with CHX; and b) those in which such 


activity was seen. 


Number of gap junctions in experiments with no mechanical activity 


following CHX: 


a) The mean number of gap junctions in tissues treated with 
20 mM TEA and 10 mM 4-AP for one hour respectively was: 6.7 and 7.2 per 
1000 um membrane length (Tables !X and X). These values were 
significantly higher (p < 0.05) than the number in the controls either 
with or without CHX treatment. Preincubation of tissues for 30 


minutes with 5 mM CHX and later exposure to 20 mM TEA or 10 mM 4-AP 


for one hour prevented this increase in the number of gap junctions 


(4.3 for TEA and 3.8 for 4-AP per 1000 um length of membrane). These 
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TABLE 1X 


Number of Gap Junctions in CHX- and 4-AP- and TEA-Treated Canine Tracheal Smooth Muscle! 


Expts. No. Control Control + CHX h-AP h-AP + CHX TEA TEA + CHX 
] he] 4.2 6.9 5.1 8.6 6.6 
2 Ba: ine aS 2.4 6.0 Say 
3 4.0 4.0 = = its: ee | 


x 3.9 3-8 732 3.8 ay. h 3 


Guitare mechanical responses to 4-AP and TEA were lost on preincubation with CHX. 


Values are significantly higher (p < 0.05) than the values in all other tissues. 


Consult the text for experimental design. 


Results are analyzed as per methods described in Table 11] 
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TABLE X 


Number of Gap Junctions in CHX- and 4-AP~- and TEA-Treated Canine Tracheal Smooth Muscle! 
ee NG RENT ested svanine. bracneéa | - 


Expt. No. Control Control + CHX h-AP 4-AP + CHX TEA TEA + CHX 
| 328 oo 19.3 ee Toe spr 
2 3.0 Apes 823 6.6 6.8 a 
3 43 2.6 = ~ 10.4 9.65 


rere mechanical responses to 4-AP and TEA were present on preincubation with CHX. 


“Values are significantly higher (p < 0.05) than the values in control and control + CHX-treated 


tissues. 
Consult the text for experimental design. 


Results are analyzed as per methods described in Table II]. 
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values were significantly lower than those obtained for non-CHX-treated 
tissues exposed to potassium conductance blockers (p < 0.05) but not 


significantly lower ( p > 0.05) compared to values in control tissues 


(Table IX), 


Number of gap junctions in experiments with mechanical activity 
i RIE AN Coy ACCEL KRY, 


following CHX: 


b) Tissues treated with 20 mM TEA or 10 mM 4-AP for one hour 
showed a significantly higher (p < 0.05) number of gap junctions 
(8.1 for TEA and 13.8 for 4-AP per 1000 um length of membrane) than the 
number in control or control + CHX-treated tissues, as in Group a) 
above. Tissues preincubated with CHX for 30 minutes and later treated 
for one hour with either 20 mM TEA or 10 mM 4-AP showed a signifi- 
cantly higher number of gap junctions (6.1 for TEA and 8.9 for 4-AP per 
1000 um membrane length) than in control tissues exposed to CHX alone 
which was not observed with tissues showing no mechanical activity 
(Group a above). These values were slightly lower than the values in 
tissues exposed to the potassium conductance blockers, but not signifi- 


cantly so (Table X). 


Discussion 


The results of this study show that the rapid formation of gap 


junctions after treatment in vitro with 4-AP and TEA of canine tracheal 


2 : 
smooth muscle is not prevented when more than 95% of the protein 


synthesis is blocked with CHX. This is true only in those tissues where 
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the spontaneous phasic mechanical activity induced by the potassium 
conductance blockers is present after pretreatment, with CRX. tn 
tissues where mechanical activity was not induced, a significant in- 
crease in the number of gap junctions after TEA and 4-AP treatment was 
not observed (Table IX). Tissues pretreated with CHX and later exposed 
to TEA or 4-AP consistently showed fewer gap junctions than those 
treated with the potassium conductance blockers alone. 

However, the results summarized above must be considered in the 
light of the effects of CHX treatment on structural damage to the 
smooth muscle cells. A greater proportion of damaged cells was en- 
countered in tissues which failed to show any mechanical response to 
either TEA or 4-AP after CHX-preincubation (Table VIII). Gap junctions 
were not seen either between the damaged cells or between these and 
healthy smooth muscle cells in the immediate vicinity. The failure of 
mechanical response to TEA and 4-AP in some tissues after CHX-pre- 
treatment could be due to the extent of injury to smooth muscle cells 
brought about by the inhibitor. The failure to get gap junction 
formation might also be related to the extent of cell damage produced 
by CHX. 

The CHX-induced damage was not confined to the periphery of the 
tissues as far as could be determined from examination of thin-sections 
of treated tissues. The injured cells were stained lighter than the 
healthy cells. A detailed description of the damage resulting from CHX 
treatment is to be found in the Results section. 

Light cells have been described in a variety of cells and under a 
In the epithelial cells of toad bladder, 


variety of circumstances. 


metabolic as well as mechanical injury has been shown to result in 
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‘iight'scelbsea(Crocker etal ia) 9y 0p. Some of the structural altera- 
tions induced in these damaged cells, namely swollen endoplasmic 
reticulum, orthodox configuration of mitochondria , loss of membrane 
integrity, and decreased density of cells, pooeenie those seen in the 
tracheal smooth muscle after CHX treatment. 

Somlyo et al (1971) have indicated that the density of smooth 
muscle cells is related to the extent of hydration before fixation for 
electron microscopy. A decreased electron density was observed in the 
smooth muscle of the rat uterus when injury increased cell water 
(Garfield and Daniel, 1976). On the other hand, hypertonicity caused 
an increased electron density of smooth muscle cells (Somlyo etyals 
1971). The formation of light cells under these two conditions, however, 
is not accompanied by injury to smooth muscle cells to the extent that 
the caveolae are destroyed and the membrane continuity is lost with an 
attendant protein loss (Daniel and Robinson, 1971 a and b and Fay and 
Cooke, 1973 and Jones et al, 1973). 

In a study on estrogen-stimulated rat uterus, Garfield and 
Daniel (1976) have shown that metabolic inhibition leading to ATP 
depletion as well as mechanical injury can result in formation of 
"light!! cells. Myometrium from progesterone-treated and pregnant 
animals also had 'light'! cells. There was no evidence that the dif- 
ference in density of smooth muscle cells was related to the state of 
contraction or relaxation of the tissue before fixation. 


''ight!! cells seen in CHX-treated canine tracheal smooth muscle 


could arise from injury leading to loss of membrane integrity, in- 


creased cell hydration, and loss of proteins. The presence of mito- 


chondria in orthodox configuration, loss of surface caveolae and the 
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swelling observed in light cells suggested the possibility of an 


altered metabolic state. 


Gap junctions in CHX-treated tissues: 


The continued formation of gap junctions in the absence of protein 
synthesis when cells were not severely damaged by CHX thus Suggests 
that some proteins utilized to synthesize the extra gap junctions after 
TEA and 4-AP treatment are preformed. The various possibilities in- 
clude: 

i) De novo synthesis of membrane proteins is not necessary for 
rapid formation of gap junctions. Both TEA and 4-AP are capable of 
inducing junction formation within 10 to 15 minute exposure of the 
tissues to these drugs and this rapidity of action would tend to rule 


out the dependence of a phenomenon on new protein synthesis. 


ii) CHX treatment did not result in complete inhibition of protein 
synthesis at the concentration employed and during the period of in- 
cubation. It is conceivable that, in the presence of the inhibitor, 
the residual protein synthesis which is resistant to inhibition could 
be involved in junction formation. This does not seem likely unless 
the proteins synthesized in the presence of the inhibitor are the 


junctional subunits themselves. We have no compelling evidence to 


Support this possibility. 


iii) There could be a differential sensitivity of tissues or 


cells to the effects of CHX. This was evident from the fact that the 
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damage was confined ta some of the cells. Whether the inhibition of 
protein synthesis brought about by CHX is a reflection of a general ized 
effect on all the cells or a variable degree of inhibition in different 
cells is difficult to resolve. My results, however, show that 95% of 
the cells were not injured although protein synthesis was inhibited to 
the same extent. This also speaks against the possibility that the 
less damaged cells really did not have protein synthesis inhibited. 

The most likely possibility is that rapid junction formation is 
not dependent on new protein synthesis. The slight decrease in the 
number of gap junctions in the CHX-treated tissues could result if 
there is a limited quantity of pre-formed proteins involved in their 
formation or from an effect of CHX on the preformed gap junctions. 
Also, if many cells are damaged, the survivors may not have been able 
to make contacts with other surviving cells. 

The formation of gap junctions in the absence of protein synthesis 
observed in canine trachealis has been previously shown in other 
systems as well. Ina study by Epstein et al (1977) Novikoff hepatoma 
cells, dissociated in the presence of EDTA, have been shown to form 
gap junctions within a few minutes on reaggregation in culture. 

Neither inhibition of protein synthesis by CHX nor depletion of cel- 
lular ATP levels by jiodoacetate (IAA) resulted in prevention of 
junction formation. There was no reduction in the percentage of 
Coupled cells of in coup! ing coefficients between control and CHX- 
treated cells. CHX, at concentration used in these studies (100 ug/ 


ml), produced 99% inhibition of protein synthesis over a 30 minute 


period. 
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On the other hand, a dependence of junction formation on de novo 
protein synthesis has been shown in some systems. In the chick embryonic 
heart cell suspensions, gap junction formation occurs during aggregation 
more than one hour after specific adhesion has en place (Griepp and 
Bernfield, 1975). Formation of gap junctions seems to be related to 
acquisition of synchronous beating between the myocardial cells in 
culture. Cycloheximide inhibits this synchrony, suggesting that syn- 
thesis of new proteins is a prerequisite to formation of gap junctions 
in this system. 

Gap junction formation during thyroxine-stimulated ependymog] ial 
differentiation in tadpoles appears to depend on synthesis of proteins 
as well. Both CHX and Actinomycin D (which blocks transcription of the 
mRNA from DNA), if administered at a proper time after hormone treat- 
ment, block junctional development (Decker, 1976). 

In both these cases, however, there was no evidence for a rapid 
formation of gap junctions in response to the specific stimuli. The 
delay in the appearance of junctions tends to lessen the probability 
of preformed membrane proteins being involved in their assembly. It 
wasn't surprising therefore that the formation of gap junctions was 
dependent on new protein synthesis. The hormone-dependent differen- 
tiation in tadpoles seems to be dependent, in addition, on synthesis 
of the messenger. 

The lack of sensitivity of rapid gap junction formation to in- 


hibition of protein synthesis in canine trachealis as well as in 


Novikoff hepatoma cells seems ta suggest a mechanism involving re- 


aggregation or assembly of subunits. The nature of the subunits in 


smooth muscle is not known, but studies on the gap junctions isolated 
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from mouse and rat liver reveal that they are made up of two major 
protein components (Goodenough, 1974). The term connexin has been 
given to these proteins. Assembly of these subunits into structures 
recognized as gap junctions in thin sections is a likely mechanism 

by which cells can regulate their number in response to physiological 
or pharmacological interventions. A detailed discussion of the aspects 
of such subunit interactions is dealt with in Chapter V (Discussion 


SECT On). 
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CHAPTER V 


Freeze-Fracture Studies: 


Introduction 


The studies reported in the previous chapters indicate that gap 
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junctions can be demonstrated in the canine tracheal smooth muscle fixed 


in vitro by techniques which give adequate preservation of cells. The 
number of gap junctions is increased on treatment of the tissue with 
TEA or 4-AP and this increase is not prevented when new protein syn- 
thesis is blocked by CHX. 

The gap junctions in appropriately oriented thin sections of 
tissues have a typical 7-layered structure with a central gap about 
2 nm wide (Figures 3 and 4). The junctions were typically found con- 
necting processes of cells. This arrangement was seen even in control 
tissues which never contracted spontaneously in vitro. Both TEA and 
4-AP are capable of inducing gap junction formation in vitro very 
rapidly (< 10 minutes). 

Freeze-fracture studies reveal that the gap junction is a highly 
specialized cell-to-cell contact (see McNutt and Weinstein, 1973). 
Such studies have been carried out in a variety of tissues to under- 
stand the fine structure of the gap junction as well as to study the 
stages in the formation of such contacts between cells (see Discus- 
sion). 


The objectives of the present investigation are: 
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i) To attempt to demonstrate gap junctions in the canine 


tracheal smooth muscle by the freeze-fracture technique; 


ii) To understand the possible mechanism underlying the rapid 
formation of gap junctions in tissues treated with TEA and 4-AP in 


vitro using this technique; 


iii) To evaluate the possible usefulness of this technique in 


quantitative studies of gap junctions in this tissue. 
Materials and Methods 
Tissue preparation: 


Canine trachea] smooth muscle was obtained using the Methods 
described in Chapter |1. Control smooth muscle strips were incubated 
im-vitro in Krebs solution at 37.°C tor one hour,and fixed In 22 
glutaraldehyde in 0.075 M cacodylate buffer (pH 7.4) containing 4.5% 
Sucrose. Some tissue strips were incubated in either 33 mM TEA- or 
10 mM 4-AP-containing solution for one hour at 37° C and fixed the 
Same way as control tissues. 

After an initial two hour fixation, the tissues were rinsed with 
0.1 M cacodylate buffer (pH 7.4) for at least one hour. The tissues 
were then incubated at room temperature (29° (C\ginvansolution of 257 


glycerol (V/V) in 0.05 M cacodylate buffer of the same pH for at 


least 90 minutes. 
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Procedure for freeze-fracturing: 
ee es a ee as eer ng 


The tissue strips were dissected under a dissecting microscope 
into very small segments. Care was taken to ensure that the tissues 
were kept moist during this procedure. Small gold specimen-holders 
were filled with the tissue pieces and rapidly frozen in liquid Freon- 


22 cooled by liquid nitrogen and finally immersed in liquid nitrogen. 


Specimen transfer: 


A Balzers BA 360M Freeze-etch instrument was used. The specimen 
stage was cooled under vacuum with liquid nitrogen to a temperature of 
-170° C. The chamber was vented to atmospheric pressure before 
Specimen transfer. The specimen stage was painted with liquid Freon- 
22 and the specimen-holders containing the tissue were quickly trans- 


ferred and the chamber evacuated. 


Fracturing: 


The tissues were fractured at -100° C with a cold knife at ~ 1.5 x 


107 torr vacuum. When the specimens were fractured uniformly, 


replication was carried out. 


Replication: 


The fractured surfaces were coated with Pt-Carbon for 8 seconds 
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at an angle of 45° and then coated with Carbon for 10 seconds at an 
angle of 90°. After covering the specimens with the knife, the chamber 
was vented. The specimen-holders with the replicated tissues were 


immersed in 40% chromic acid. 


Replica retrieval: 


After immersion in 40% chromic acid overnight to digest the 
tissues, the floating replicas were aspirated into distilled water. 
After washing once, the replicas were transferred to a solution of 
commercial bleach (Javex) for about two hours. They were later washed 
with distilled water twice and picked uponto 300-mesh copper grids 
coated with collodion-carbon. The replicas were examined in JEM-7A or 


Philips EM-301 electron microscopes. 


Freeze-fracture nomenclature: 


The fracture faces of tissues in the replicas will be described 


in the text using the nomenclature suggested recently (Branton et al, 


LO de 


Results 


The technique consists of two distinct processes: freeze- 
fracturing and freeze-etching. Fracturing a tissue results in the 
breakage along planes of weak bonding in the membrane or elsewhere 


and etching sublimes volatile materials, usually water, from the 
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non-volatile materials of the specimen (see Discussion). Fracturing 
is an essential part of the technique, while etching is an optional 
Procedure. In the present study, etching was not attempted. Any 


etching which might have taken place was done inadvertently. 


Gap junctions in the freeze-fracture replicas: 


The results using thin-section electron microscopy show that 
canine trachealis incubated in Krebs solution in vitro has gap junctions. 
Their mean number was 3.36 per 1000 um membrane length. In TEA- 
treated tissues, the number of gap junctions ranged from 5.04 to 7.40 
per 1000 um membrane length and in 4-AP-treated tissues from 7.71 to 
10.80 per 1000 um membrane length. It was also evident that the smooth 
muscle cells had very irregular shapes with several processes and the 
gap junctions were almost exclusively found on processes connecting 
two cells. The abutment-type of gap junction was not seen in canine 
trachealis. 

Examination of freeze-fracture replicas of canine trachealis re- 
vealed that gap junctions were very rarely encountered. The ones 
seen were also on cell processes. Some of the gap junctions were seen 
in the interdigitations of smooth muscle cells. 

Figure 25 shows a gap junction on a cell process in the freeze- 
fracture replica obtained from a control tissue. The structure appears 
as a cluster of particles on the membrane PF fracture face. 

Figure 26 shows a gap junction on the membrane PF fracture face 
in a replica obtained from a TEA-treated tissue. The structure is 


also located on a cell process and shows a hexagonal array of 
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Figure 25. Freeze-fracture replica of canine trachealis 
(control tissue). A gap junction (arrow) seen asa Clue eee 
particles on the membrane PF face of a cell process. 
Magnification x 150,000. 

Shadow angles are indicated by arrows (bottom right-hand corner) 


in all the freeze-fracture micrographs. 


Figure 26, Replica from tissue treated with 33 mM TEA for one 
hour. The gap junction (arrow) shows an array of particles on the 


membrane PF face of a cell process. Magnification x 100,000. 


particles. 


Figure 27 shows the freeze-fracture replica froma 4-AP-treated 
tissue. The fracture is through a series of interdigitat ions of two 
adjacent smooth muscle cells, exposing both the PF and the EF membrane 
faces. At some places, the membrane has been cross-fractured. A gap 
junction can be seen as aggregation of membrane particles on the PF 
face. 

A total of 15 replicas each from control, TEA-treated, and 4-AP- 
treated tissues from 13 animals were examined jin this study. The 
average diameter of the junctions in the freeze-fracture replicas was 


0.15 um when measured at the largest diameter. 
Freeze-fracture appearance of membranes: 


The freeze-fracture replicas obtained from tissues contained 
extensive membrane fracture faces. There were numerous particles dis- 
tributed in the membranes. The PF face usually contained a greater 
density of particles than the EF face. The surface caveolae were 
arranged in linear rows in the membrane. However, no gap junctions 
were seen in the membrane fracture faces, except on cell processes. 

Figure 28 shows a membrane PF fracture face with the caveolae 
and many membrane-intercalated particles. 

Figure 29 presents a membrane EF fracture face with the caveolae 


arranged in linear arrays. The density of particles is less compared 


to that in the PF face. The density of particles was higher in re- 


gions surrounding the caveolae than in other regions of the membrane 
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RRQUhewe i. Freeze-fracture replica from tissue treated with 
10 mM 4-AP for one hour. A gap junction (arrow) is seen on the 


membrane PF face. Magnification x 100,000. 


= 
fe a 7 f = 
i 
= = i 
= nk ie 
il Ta. ont ee re % : 
a fad te 


sos Pecie 
wy Wala ee 
Toys i a 


wih nee 
ie 


: wer run ‘Slee! : Ph a 
ft SO a a en 
i) \ } H wile 


139 


f 


Figure 28. Shows a membrane PF face with numerous particles 
(small arrows). The caveolae are arranged in rows. 


Magnification x 114,000. 


Figure 29. Membrane EF face with caveolae arranged in rows and 


particles. Magnification x 71,000. 


14] 


On the PF face. There are no gap junctions in both fracture faces of 
membranes in these replicas as well as in others examined. There were 
also no small. gap junctions (see Discussion) in the membrane fracture 
faces. These small gap junctions, if present, would not be recognizable 
incciim sect onssor tissues’. 

The fracture plane does not always proceed through the hydrophobic 
region of the membrane. Sometimes there was a cross-fracture of the 
membrane where it appeared as a ridge. The caveolae in such replicas 
are also cross-fractured (Figure 27). 

Figure 30 shows a replica of tissue in which some of the cyto- 


plasmic organelles are fractured in addition to the plasma membrane. 


Discussion 


Freeze-fracture technique: 


The technique of freeze-fracturing was first applied to biologi- 
cal tissues by Steere (1957) and later developed by Moor et al (1961). 
The technique consists of two separate processes: fracturing and 
etching. Freeze-fracturing usually results in the breakage along 
planes of weak bonding in the membrane; and etching sublimes away 
volatile materials, usually water, from non-volatile materials of the 
tissue. Fracturing is an essential aspect of the technique, while 


etching is done as an option (Davy and Branton, 1970). 
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Figure 30. Freeze-fracture replica of canine trachealis. 
Magnification x 32,000. 

EF - membrane EF fracture face. 

N - fracture faces of nuclear membranes with the nuclear pores 
(arrows). 
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Interpretation of freeze-fracture replicas: 
ee ee cee racture Fepl.icas. 


Earlier interpretations of freeze-fracture replicas of biological 
Specimens suggested that the fracture plane passed along the true sur- 
faces.of membranes (Branton and Moor, 1964; and Moor, 1964). Although 
this interpretation was accepted initially, it soon became apparent 
that many freeze-fracture images could not be so explained. Branton 
(1966 and 1967) suggested that the cleavage plane passed along the 
membrane interior resulting in formation of two lamellae. A body of 
evidence accrued in later studies (Deamer and Branton, 1967; Branton, 
1967; Chalcroft and Bullivant, 1970; Pinto da Silva and Branton, 1970; 
Tillack and Marchesi, 1970; and Sleyter, 1970) supports Branton's in- 
terpretation. The most direct evidence to this suggestion came from 
the double-replica method (Steere and Moseley, 1969; Wehrli et al, 
1970; Weinstein and McNutt, 1970; and Chalcroft and Bullivant, 1970) 
in which both the lamellae could be replicated, retrieved and examined 
for complementarity. 

The two lamellae resulting from the cleavage and their surfaces 
be identified and named (McNutt and Weinstein, 1970). The lamella 
which remains attached to the cytoplasm of the cel] was called LMI 
and the one attached to the extracellular space as LM2 by these 
authors. Thus, the fractured surfaces exposed are not the true sur- 
faces but new surfaces produced from within the interior of the mem- 


iat G2 : 
Panes Uithese new surfaces are called “faces” im order to distinguish 


them from the true membrane surfaces. 
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The cleaved face of the lamella which remains attached to the 
cytoplasm is called Face A and the one adjacent to the extracellular 
compartment Face B. Face A can be visualized while looking from out- 
side the cell inward and Face B from within the -cell outward. The 
terms convex and concave fracture faces refer respectively to the mem- 


brane A and B faces. When etching is done in conjunction with frac- 


turing, the true surfaces can be visualized in the resulting replicas. 
The fracture faces referred to in this study conform to a nomen- 
clature proposed recently (Branton et al, 1975). Membrane fracture 
face A is referred to as PF face and the fracture face B as EF face. 
The corresponding etched surfaces are referred to as PS and ES sur- 


faces respectively. 
Freeze-fracture appearance of membranes: 


The biological membranes in freeze-fracture replicas appear as 
extended smooth sheets interrupted by many ''particles''. The PF and EF 
fracture faces in many membranes appear to have a different density of 
these particles, suggesting asymmetry of membrane structure (Branton, 
1969). Examination of freeze-fracture replicas of biological membranes 
also revealed that the number of particles was highest in the physio- 

logically active membranes like the chlorplast lamellae (Branton and 
ea 1967), erythrocyte membrane (Weinstein and Bullivant, 1957) pecan 
On the other hand, their number was least in inactive membranes such 
This comparison suggested the possibility 


as myelin (Branton, 1969). 


that such particles could be proteins. Engstrom (quoted by Branton, 


1971) showed that the particles seen in red blood cell membranes 
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disappeared on treatment with pronase, a proteolytic enzyme. Cor- 
related freeze-etch and X-ray diffraction studies on certain model 
phospholipid membranes suggested that the smooth regions of membranes 
represented fracture through the lipid regions (Oeanet etal, 1970)« 
Since there was no evidence that the particulate nature of biological 
membranes could arise from bulk phase lipids, it was suggested that 
the particles might be the intrinsic proteins or specific protein- 
lipid interactions in membranes. 

Experiments with lamellar phase lipidsor lipid extracts from the 
erythrocyte ghosts and sarcoplasmic reticulum (SR) suggested that the 
fracture faces were devoid of particles (Deamer ie ll 1970). On the 
other hand, fracture faces of lipid vesicles and lamellar lipid phases 
which had been reconstituted with membrane proteins from the ghosts or 
SR contained particles (MacLennan et.al, 1971). Freeze-etching studies 
also revealed that the particles on the erythrocyte membranes contained 
receptors for influenza virus and wheat germ agglutinin (Tillack et al, 
1971), as well as the A and B antigens (Pinto da Silva et al, 

1970). Thus, the membrane particles in these studies must include gly- 
coprotein or glycolipids. 

The particles have been shown to be capable of translational 
movement along the plane of the membrane. In the erythrocyte ghosts, 
aggregation of particles can be induced by lowering the pH of the 
medium and this is reversed by prefixation in glutaraldehyde or in- 
cubation in media of high ionic strength (Pinto da Silva, 1972). 

A role for microtubules and microfilaments in the lateral mo- 


bility of membrane-intercalated particles has been proposed 


(Nicolson et al, 1971). The cell membrane is considered as a 
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solution of integral membrane proteins in a fluid lipid bilayer 
(Singer and Nicelson, 1972). In response to specific stimuli, 

either arising extracellularly or intracellularly, rapid lateral 
mobility of some proteins could occur. Cells do: possess mechanisms 
that control the mobility of membrane components through associations 
to cytoskeletal elements like microtubules, microfilaments and inter- 
mediate filaments. This is evident in ligand-receptor movements 
resulting in phenomene such as receptor ''capping!! in lymphocytes, 
cell attechment and movement, endocytosis, etc. (see Nicolson eos 
1976). 

The evidence for translational mobility of membrane proteins in 
the lipid bilayer is overwhelming. The evidence that membrane par- 
ticles seen in freeze-fracture replicas are indeed the membrane 
proteins is however indirect. The possible physiological signifi- 
cance of particle movements resulting in aggregation is discussed 


below. 


Fine structure of gap junctions: 


The fine structure of gap junctions as revealed by thin-section, 
negative-staining and freeze-fracture techniques has been discussed 
(see Chapter 1). In freeze-fracture replicas, the gap junctions 


reveal closely packed particles arranged ina hexagonal array with a 


j a j the membrane 
centre-to-centre spacing of 90 to 100 A° when viewed on 


PF face and corresponding array of depressions on the membrane EF 


face, _ The particles in the non-junctional membrane, on the other 


hand, tend to be randomly distributed. 
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Freeze-fracture studies on the canine tracheal smooth muscle: 
et E Saine tracneal smooth muscle 


The freeze-fracture studies on canine tracheal smooth muscle 
demonstrate the presence of gap junctions between cells, thus con= 
firming my thin-section EM studies. The gap junctions seen on the 
replicas appear in different forms. Some of the gap junctions 
appeared as a cluster of particles on the membrane face while others 
appeared as aggregations of particles in a hexagonal array. All the 
gap junctions thus far encountered were on fracture faces of cell 
processes. 

The membrane fracture faces had numerous particles distributed 
with no discernible order. The PF fracture face had a greater 
density of these particles than the EF face. The particle density was 
also higher in regions surrounding the surface caveolae than in other 
regions of the membrane. There were no gap junctions on the membrane 
faces. in contrast to my thin-section results, there were very few 
gap junctions in replicas of both control and TEA-and 4-AP-treated 
tissues. 

There was no evidence for the occurrence of small gap junctions 
in the membrane fracture faces examined. We expected that any small 


gap junctions, if present, would be more likely to be seen in freeze- 


fracture replicas than in thin sections. The minimum number of sub- 


units required to act as a low-resistance pathway for current flow in 


smooth muscle is not known. It is also not known if subunit arrange- 


ments into patterns, other than the more familiar hexagonal packing, 


could be called as gap junctions. Also it is not clear that an 


aggregation of particles in membrane of one cell corresponds to a 
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Similar aggregation in an apposed cell. 

In a recent freeze-fracture study of nexuses in a variety of 
smooth muscle tissues (Fry et al, 1977), it has been observed that 
“nexuses'' occur in various shapes and sizes. The authors speculate 
that aggregation of two or three subunits in ane membrane could pro- 
vide a region of low-resistance between the cells. A preponderance 
of small gap junctions were seen in the smooth muscle of the guinea- 
pig sphinter pupillae. Gap junctions as small as 0.001 ine were 
reported, although there were no micrographs showing such structures. 
The particles constituting the subunits in a nexus have been charac- 
terized in isolated gap junctions from liver (Duguid and Revel, 1975). 
At present the chemical composition of the particles seen in the non- 
junctional membrane is not known and there are no morphological 
features by which they can be distinguished from the particles of a 
nexus. Thus, it is quite arbitrary to designate any aggregation of 


particles as mexuses. 


Formation of gap junctions as studied by the freeze-fracture technique: 
ie ine ee SO CR Oe a eee 


Gap junction formation between cells in vivo and in culture has 
been studied in a variety of systems (Revel et_al, 1973; Johnson 
et al, 1974; Decker and Friend, 1974; Benedetti et al, 1974; 
Albertini and Anderson, 1974; and Decker, 1976) using the freeze- 


fracture technique. The stages in the formation of these junctions, 


as revealed in the replicas have been already discussed (Chapter 1). 


The manner in which the gap junction particles, once inserted into 


the membrane, are aggregated into a polygonal lattice of subunits is 


not known. A role for microtubules or microfilaments in such an 
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assembly has been suggested (Johnson etal, 57K 

The TEA- and 4-AP-induced rapid formation of gap junctions in the 
canine trachealis has been shown to be independent of new protein 
synthesis (see Chapter IV). This suggests eater ne subunits involved 
in their assembly are preformed. The subunits would be arranged into 
larger gap junctions which are demonstrable by thin section techniques. 
We could not detect any formation plaques in the replicas examined. 
Since gap junctions were located exclusively on processes of cells and 
because of the difficulty in getting fracture faces of such processes, 
the various stages underlying the rapid formation of gap junctions in 


this tissue could have been missed. 
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CHAPTER VI 
REVIEW AND CONCLUSIONS 
A. Ultrastructure of Canine Tracheal Smooth Muscle 
eee Ee ee nee bk SMOOTr IMUSC ie 


i) Gap junctions: The results of this investigation have es- 
tablished the presence of gap junctions between smooth muscle cells of 
the canine trachea. Gap junctions were demonstrated, in appropriately 
Oriented sections, as 7-layered structures, formed by the apposition 
of membranes of two neighbouring cells, with a central gap about 2 nm 
wide. These junctions were found exclusively between cell processes. 
Junctions were also seen occasionally between processes of the same 
cell. Gap junctions could also be demonstrated in tissues fixed in 
situ. This rules out the possibility that they could form when tis- 
sues are incubated in vitro. The technique of tissue fixation was 
found to be adequate in demonstrating gap junctions and in good preser- 
vation of other cellular structures. 

Tissues were fixed initially with 2% glutaraldehyde in 0.1 M 
cacodylate buffer (pH 7.4) and post-fixed in 1% osmium tetroxide in 
0.05 M cacodylate buffer of the same pH. They were usually stained en 
bloc with saturated uranyl acetate and processed for thin section elec- 
tron microscopy. 

The claim that glutaraldehyde fixative is unsuitable for preserving 
gap junctions (Dewey and Barr, 1962) is contradicted by my study. Thus, 


in canine trachealis, which has been described as a multiunit smooth 


muscle, gap junctions are consistently seen. The claim that such smooth 
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muscles lack gap junctions has also been contradicted from the results 


of this investigation. 


ii) Innervation of the canine trachealis: This study reveals 
the presence of a cholinergic excitatory as well as an adrenergic in- 
hibitory innervation to the canine tracheal smooth muscle. Two types 
of varicosities were characterized on the basis of the distribution 
of vesicles: those containing predominantly small agranular and a few 
large granular ones; and varicosities containing a preponderance of 
small granular vesicles. The varicosities containing small and large 
granular vesicles were not seen associated with blood vessels in the 
tissues examined. Suzuki et_al (1976) have described the innervation 
of canine trachealis similar to what | found in these studies. In 
addition, their histochemical staining techniques revealed the pre- 


sence of acetylcholinesterase and catecholamine-fluorescence. 


iii) Electrical stimulation: The results of the effects of 
electrical field stimulation on the mechanical activity of canine 
trachealis revealed the presence of functional excitatory innervation, 


whose effects were blocked by atropine. This suggested that the under- 


lying mechanism was through release of acetylcholine from the intrinsic 


nerve-endings. Furthermore, when the tone was raised by TEA treatment, 


electrical stimulation of the tissues resulted in relaxation, which was 


blocked by B-adrenergic antagonist propranolol. After propranolol, the 
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inhibitory mechanism to this smooth muscle was established from these 
studies. 

Suzuki et al (1976) found no evidence for a non-adrenergic and 
non-cholinergic inhibitory system in the canine tracheal smooth muscle. 
Evidence for the presence of such an inhibitory innervation has, how- 
ever, been obtained in the guinea-pig and human tracheo-bronchial 
smooth muscles (see Review of literature). Thus, there seem to be 


species differences regarding the types of innervation. 


iv) Effects of TEA: Canine tracheal smooth muscle does not 
exhibit phasic mechanical activity in vitro. However, changes in tone 
in vivo have been reported (Loofbourrow et. als 1957). Kroeger and 
Stephens (1975) and Suzuki et al (1976) have reported stable membrane 
potential with no evidence for spontaneous rhythmic depolarizations in 
the smooth muscle cells of canine trachea. Treatment with TEA was 
shown, in their studies, to result in depolarization with phasic elec- 
trical and mechanical activities. The rectifying property of the mem- 
brane was abolished by TEA. Kroeger and Stephens (1975) reported an 
increase in the space constant from 1.6 mm to 2.8 mm after treatment 
with TEA. However, Suzuki et_al (1976) reported a longer space cons- 
tant for the control tissue (3.2 mm) as well as a time constant value 
of 450 msec. Thus, this smooth muscle has cable properties as studied 
The reason for the lack of initiation of spontaneous spike 


in Vitro. 


oy: aas . 
activity was ascribed to a high resting permeability to K in this 


+ ° : 
tissue. TEA, by blocking the resting K conductance and abolishing the 


rectification, was thought to result in depolarization and a weak ac~- 


~ 
tivation of Na conductance. 
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The TEA-induced mechanical activity consisted of two components: 
an increase in tone as well as initiation of phasic activity. The maxi- 
mum active tension was dose-related. The time to reach steady-state 
tension was dose-related as well. The phasic activity was not sensitive 
to atropine, suggesting that the effects were not mediated through 
release of acetylcholine from the nerve-endings. Atropine diminished 
the tone, but the tone recovered with time. The mechanical response to 
TEA could be blocked by D-600, an agent which blocks Gai entry in 
smooth muscle cells upon depolarization. In Ca '-free Krebs solution 
containing 0.5 mM EGTA, the tissues failed to show any mechanical res- 
ponse to TEA treatment. Upon addition of Gow to the medium, the 
mechanical activity was restored. Thus, the TEA-induced mechanical ac- 
tivity seems to depend on availability of extracellular Gara Kroeger 
and Stephens (1975) showed that the myogenic response in the canine 
trachealis was dependent on extracellular Ca’ and was abolished by D- 
600. It is not certain whether the initiation of mechanical activity 
Or myogenic response by TEA in this smooth muscle is the result of an 
inward Dace current resulting in depolarization. The Car influx as- 


sociated with the mechanical response could result from depolarization 


of the cells by TEA. 


Effects of TEA on gap junctions: 


The TEA-induced changes in the biophysical properties of this 


smooth muscle are accompanied by changes in the number of gap junctions. 


The rapid increase in the number of gap junctions is seen at a time 


when spontaneous activity is also initiated, suggesting a correlation 
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in time. However, there was no difference in the ability of various 
doses of TEA to increase the number of gap junctions even though the 
mechanical response — dose-related. 

The presence of gap junctions in this smooth muscle could provide 
one basis of coupling between cells and their increase after TEA treat- 
ment could provide better coupling. Although the measured diameters 
of the gap junctions in the treated tissues were not different from 
those in control tissues, the increase in their number should increase 


the gap junctional membrane area. 


v) Effects of 4-AP on the canine trachealis: 4-AP was also 
shown to result in initiation of phasic mechanical activity of canine 
tracheal smooth muscle. The effect of 4-AP on tension was almost im- 
mediate. The activity consisted initially in a rise in tone followed 
by oscillations of tension. The maximum active tension was found to 
be dose-related. Though there was fluctuation of tension in 4-AP- 
treated tissues (as with TEA-treated tissues), it did not return to the 
Original base-line. 

The effects of electrical] field stimulation of tissues after 
treatment with different doses of 4-AP revealed that the relaxation due 
to field stimulation was evident only after exposure to higher doses of 
This relaxation was shown to be sensitive to propranolol. 


the drug. 


After propranolol, field stimulation caused a contractile response. 


The compound 4-AP was shown to selectively block potassium 
channels in a variety of excitable membranes, although some important 


differences were elucidated in its mechanism of action from that of TEA 


(see Review of literature). 
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The mechanical effects of 4-AP were completely blocked by atropine. 
This suggested that the effects were due to release of acetylcholine 
from the intrinsic nerve-endings. After atropine treatment, phasic 
activity could not be initiated after increasing the tone by electrical 
Stimulation. 

Exposure of tissues to acetylcholine caused a sustained increase 
in tone which reached a plateau and remained unaltered. There was no 
phasic mechanical activity after acetylcholine treatment. Atropine 
blocked this tone. If the effects of 4-AP on phasic activity were en- 
tirely dependent on release of acetylcholine from nerves, then appli- 
cation of acetylcholine should have resulted in phasic activity. Since 
this was clearly not the case, it could be argued that phasic activity 
was not dependent on release of transmitter. The other possibilities 
are either dependence of phasic activity on previous tone in the tissue 


or a phasic release of transmitter from the nerves. 


Effect on gap junctions: 


Tissues treated with 4-AP showed an increase in the number of gap 
junctions compared to untreated control tissues. The ability of this 
compound to induce junction formation was found to be rapid since the 
structural effects were seen as early as 10 minutes after exposure of 


fue tiseues. The different doses of the drug resulted in similar jin- 


creases in the number of gap junctions and at the same time there was a 


correlation between the time of onset of phasic activity and formation 


of gap junctions But a correlation between dose of 4-AP and increase in 


: : ee 
gap junctions, as in tension response, did not occur 
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Treatment with acetylcholine of tissues did not result in an in- 
crease in the number of gap junctions. Tissues pre-treated with 
atropine to block the mechanical effects and later exposed to 4-AP 
still showed an increase (although smaller) in their number. These 
results rule out the dependence of rapid formation of gap junctions on 
the release of acetylcholine as well as on tone. Thus, the effects of 
4-AP should be the result of a direct smooth muscle action to cause an 
increase in the number of gap junctions. 

After exposure to 3 mM 4-AP for one hour (when phasic activity 
was established), tissues from three animals were washed with Krebs 
solution until the tension reached the base-line. These tissues were 
kept in Krebs solution for an additional one hour period and fixed and 
examined for the number of gap junctions. The number of gap junctions 
in these tissues was still higher than in untreated control] tissues 
error fica) 

Formation of gap junctions in 4-AP-treated tissues in the absence 
of mechanical activity, either after atropine pre-treatment or after 
washing with Krebs solution for one hour, indicates that either single- 
unit behaviour is not necessary for this process or gap junction for- 


mation is not sufficient for initiation of single-unit behaviour in the 


tissue. However, there is no evidence for single-unit behaviour of this 


tissue in the presence of acetylcholine. 


vi) Role of gap junctions in cell-to-cell coupling: Canine 
Role of gap junctions In C6) (=== 


tracheal smooth muscle has cable properties as studied in vitro. The 


length constant of the tissue is many times the average cell length. 


The evidence for cable-like behaviour of this tissue is that there is 
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exponential decay of applied current over distance from the stimulation 
site. TEA causes an increase in the length constant of this tissue. 
This effect was interpreted by Kroeger and Stephens (1975) as the result 
of an increase in the transmembrane resistance accompanying the TEA 
effect to decrease potassium conductance. They assumed that the coupling 
and the internal core resistance remained unchanged. 

Gap junctions are thought to be the structural bases for current- 
flow between smooth muscie cells, although there is no direct evidence 
to this hypothesis. Many coupled smooth muscles have been shown to have 
gap junctions. On the contrary, there are coupled smooth muscles which 
do not have gap junctions. Daniel et al (1976) proposed that gap junc- 
ttons could be sufficient for electrical coupling, if present, but not 
essential. Cell-to-cell contacts of various types exist between smooth 
muscle cells and some of these should be considered as potential candi- 
dates as low-resistance contacts. Since gap junctions are present in 
canine tracheal smooth muscle, they could provide one basis for electri- 
cal coupling between the cells. Their rapid formation after TEA- and 
4-AP-treatment presumably provides better coupling. The resultant in- 
crease in the gap junctional area should result in current spread over a 
greater distance between the cells. This hypothesis, though attractive, 


remains speculative until gap junctions are established to be the low- 


resistance contacts in smooth muscle. 


vii) Mechanisms underlying the rapid formation of gap junctions: 
Hechanisnsmunucr Wing ies 
Potassium conductance blockers like TEA and 4-AP were shown to result 


in rapid formation of gap junctions in the canine tracheal smooth 


muscle. This rapidity of action prompted me to investigate further the 
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mechanisms underlying their formation. 


The chemical composition of gap junctions in smooth muscle is not 
known. Studies on isolated gap junctions from livers of mice and rats 
(Goodenough, 1974) reveal that they are made up of specific proteins, 
described as connexins. If these proteins form the subunits of gap 
junctions, the question arises as to what mechanism controls their 
formation, transport to the plasma membrane and organization in the 
membrane into a specific pattern recognized as gap junctions in thin 
section EM or by freeze-fracture techniques. 

| considered two possibilities underlying the rapid synthesis of 
gap junctions induced by TEA and 4-AP in the canine trachealis: 

a) Increased synthesis of the membrane proteins involved in their 
assembly; and/or 

b) Increased aggregation of pre-formed subunits into structures 


recognizable in thin sections as gap junctions. 


Dependence of junction formation on new protein synthesis: 


a) Incorporation of 3y-leucine into TCA-insoluble fraction: 


The first possibility was examined using cycloheximide (CHX), a protein 


synthesis inhibitor. Incorporation of 3u-leucine into the TCA-insoluble 


fraction of canine tracheal smooth muscle strips was used as an index 


of de novo protein synthesis. A concentration of 5 mM CHX was found to 


result in about 95% inhibition of incorporation of the radioactive 


leucine. 
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incubated for 30 minutes with 5 mM CHX and later exposed to either TEA 
or 4-AP for one hour. Tissues were also 4 chneate in Krebs solution 
either with or without 5 mM CHX for a similar beri and these served 
as controls. Isometric tension was monitored in all these tissues. 

In tissues from three of six animals, preincubation with CHX resulted 
in a loss of mechanical activity when later treated with either TEA or 
4-AP and in tissues from three others such activity was seen. Al] 


the tissue strips were fixed for thin section electron microscopy. 
Structural effects of CHX: 


Treatment of tissues with CHX resulted in structural damage to 
smooth muscle cells. The damaged cells were structurally characterized 
as 'Jight'' cells. ''Light'' cells have been observed in smooth muscles 
under a variety of conditions (Discussion in Chapter IV). Examination 
of "light'' cells in the tracheal smooth muscle treated with CHX re- 
vealed damage to mitochondria, disappearance of surface caveolae and 
the surface membrane, suggesting the possibility of an altered metabolic 
state. The changes were very similar to those seen in rat myometrium 
by Garfield and Daniel (1976) after metabolic inhibition and mechanical 
injury. A greater proportion of "}ight!' cells were encountered in 
tissues with no mechanical activity to TEA and h-AP than in those where 
such activity was present. Thus, muscle cells were damaged by CHX to 


a variable extent and those extensively damaged did not show sponta- 


neous activity. 
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Effects of CHX on gap junctions: 
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The number of gap junctions in tissues treated with CHX and either 
TEA or 4-AP remained higher than in the control tissues, in cases where 
phasic activity was evident. The number was slightly less than in 
Gissues. treated withthe drugs alone. In tissues. where such activity 
was not seen, an increase in the number of gap junctions was not ob- 
served. However, a greater number of ''light!' cells were seen in the 
latter group of tissues and the results obtained above should be in- 
terpreted in the light of the extent of such damage. Gap junctions 
were not observed between ''light'' cells and any other cells in close 
proximity. Thus, the failure to see any increase in some tissues could 
be related to extensive damage induced by CHX so that the possibility 
of forming gap junctions was limited by the absence of competent cells 
in the neighbourhood. 

The continued formation of gap junctions in the absence of de 
novo protein synthesis in the canine tracheal smooth muscle suggests 
that the subunits involved in their formation are pre-formed. These 


pre-formed subunits could assemble into gap junctions upon arrival of 


specific stimuli. 
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viii) Freeze-fracture studies: Examination of 


fracture replicas from control, TEA-, and 4-AP-treated tissues revealed 


extensive membrane fracture faces containing particles. The particles 


Were: Seen on: both the PF and the EF faces, but Ethene were more an the 


PF face. The surface caveolae were observed as rows on the membrane. 


Assembly of particles characteristic of gap junctions were very rare In 
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the replicas. Replicas of tissues treated with TEA and 4-AP also 

showed very few gap junctions. The gap junctions which were encountered 
were seen on cell processes. The extensive membrane fracture faces of 
the cells did not have gap junctions. The occurrence of gap junctions 
on processes as revealed by this technique thus confirms my thin 

section findings. The expected increase in the number of gap junctions 
in the TEA- and 4-AP-treated tissues could not be confirmed using this 
technique. 

The process of fracturing results in breakage along planes of weak 
bonding. The process of membrane-splitting at the cell processes could 
be different. This could explain the difficulty in demonstrating gap 
junctions in this smooth muscle. Indeed the freeze-fracture technique 
led to the observation of fewer gap junctions per unit area than did 
the thin section technique. When gap junctions are in small cell pro- 
cesses, the technique of freeze-fracturing does not provide any ad- 
ditional information about gap junctions. 

The various stages underlying the formation of gap junctions 
could not be demonstrated in this study. There was also no evidence 
for the presence of small gap junctions. Such structures, if present 


on cell processes, would be missed in thin sections. The chemical 


composition of the particles seen in the nonjunctional membrane is not 


known and there are no morphologically distinguishable features to base 


their distinction from the junctional subunit particles. 
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